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Abstract 
The Rim101 pathway is a signalling pathway that has been primarily, but not exclusively, associated 
with the response to alkaline stress in yeast. The mechanistic basis for activation of this signalling 
pathway is yet to be determined and the function of the pathway has only been partially 
characterised. This study has screened a range of novel stress conditions for Rim101 pathway 
activation using a Western-based assay.  The application of high extracellular concentrations of KCl 
was found to induce Rim101p processing. This activation was found to be potassium-specific since 
Rim101p processing was not promoted by administration of NaCl or sorbitol. The potassium-induced 
Rim101p cleavage was established to occur via the canonical Rim101 pathway and with similar 
dynamics to that induced by alkaline stress. Since both alkaline stress and high extracellular 
potassium concentrations dramatically alter the resting membrane potential, intracellular pH and 
intracellular potassium levels of the yeast cell, the potential involvement of the Rim101 pathway in 
membrane potential, intracellular pH and potassium homeostases was characterised. 
The role of the pathway in membrane potential homeostasis was investigated using a 
potentiometric dye and depolarising agents. Proton extrusion activity, which is the predominant 
generator of membrane potential, was assessed in rim mutants using an external pH electrode that 
measured acidification of the extracellular medium. Toxic cation sensitivity was assessed in rim 
mutants in a series of phenotypic screens. A potential function for the Rim101 pathway in cytosolic 
pH homeostasis was investigated by expressing a pH-sensitive modified form of GFP in wild-type and 
rim mutant cells. A role in vacuolar pH homeostasis was analysed using a pH-sensitive dye that 
sequesters to the vacuole. The ‘steady-state’ pH values of the cytosol and vacuole were assessed 
over a broad range of extracellular pH values and the dynamic changes upon application of glucose 
and KCl were recorded. A functional association between the Rim101 pathway and intracellular 
potassium homeostasis was analysed through assessment of the growth of rim mutants over a wide 
range of extracellular potassium concentrations. The internal potassium levels of wild-type and rim 
mutant cells were determined under a broad range of conditions through analysis of yeast cell 
extracts using ion chromatography. 
The rim101 and rim8 mutants were found to exhibit hyperpolarised membrane potentials. The 
rim101 mutant displayed membrane potential changes in response to the application of depolarising 
agents that were quantitatively different from those exhibited by the rim8 mutant, implicating a 
novel role for the full-length form of Rim101p, which had previously been thought to be inactive. 
The level of proton extrusion was assessed in the mutants and was surprisingly found to be only 
modestly higher than that of the wild-type strain. The rim101 mutant displayed an alkalinised 
cytosol and an acidified vacuole compared to the wild-type strain over a broad range of extracellular 
pH values. The rim8 mutant exhibited an alkalinised cytosol but presented a vacuolar pH that was 
very similar to that of the wild-type strain. The rim101 and rim8 mutants were seen to grow 
significantly better than the wild-type at very low concentrations of potassium. Preliminary data 
suggests that the rim mutants may unexpectedly accumulate less potassium than the wild-type 
strain, implicating a reduced requirement for this ion in these mutants. 
This study has found novel functional roles for the Rim101 pathway in membrane potential, 
intracellular pH and potassium homeostasis. 
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1. Introduction 
This introduction first presents salient features of the organism used in this study, Saccharomyces 
cerevisiae. The Rim101 pathway is then introduced with respect to its components and activating 
signals. The transcriptional regulation carried out by Rim101p is also described. Homologous 
pathways in other fungi are outlined, with a focus on key comparisons with the Rim101 pathway in 
S. cerevisiae. The Rim101 pathway has been primarily associated with the alkaline stress response; 
therefore its place within this response is described. The novel potassium-induction of Rim101 
pathway signalling discovered in this study implicates potential roles for the pathway in the 
regulation of cytosolic and vacuolar pH, intracellular potassium concentration and membrane 
potential status. These cellular properties are introduced by presenting the components and 
regulatory mechanisms involved. The methodology that has been employed in the study of these 
properties is also introduced. The introduction concludes with the aims of this thesis. 
1.1 Saccharomyces cerevisiae 
The baker’s yeast S. cerevisiae is one of the best characterised and most intensively studied 
eukaryotic model organisms, as a result of its advantageous properties as an experimental system. S. 
cerevisiae is a unicellular organism which has a relatively small genome for a eukaryote (~13Mbp) 
with a high gene density (72% of the genome is protein-encoding, comprising ~5800 ORFs that code 
for proteins) and few introns. These features, together with other properties such as a life cycle well 
suited to genetic analysis (fast doubling rate and capability for propagation as haploids or diploids), 
led to this organism being the first eukaryote to have an entire chromosome sequenced, 
chromosome III (Oliver et al., 1992), and to have its complete genome sequenced (Goffeau et al., 
1996). Moreover, the fact that S. cerevisiae can be grown on defined media means that 
environmental factors can be controlled effectively during experimentation.  
S. cerevisiae is a hemiascomycete yeast and so can be used as a model for other hemiascomycetes 
including important pathogens such as Candida glabrata. Experimentation on S. cerevisiae may also 
highlight features of human cell biology as S. cerevisiae is thought to share approximately 25% of its 
genome with humans. In particular, S. cerevisiae has been used as the primary model for 
investigating cancer biology. 
Many important libraries have been developed including a knockout and GFP-tagged protein 
libraries, which are readily available. Moreover, there is a large amount of data available from 
genome-wide screens of protein-protein interactions and gene deletion studies (Winzeler et al., 
1999). The availability of these data is useful in the construction of hypotheses and models. 
1.2 The Rim101 pathway 
1.2.1 Components of the pathway 
RIM101 encodes a 628-residue transcription factor with three Cys2His2 zinc fingers. Rim101p is 
activated when the full-length form is proteolytically cleaved close to the C-terminus to produce the 
biologically active processed form. The full-length form is thought to be inactive since mutations that 
result in a loss of capability for Rim101p processing cause a presentation of phenotypes associated 
with the rim101 mutant (e.g. sporulation defects) (Li and Mitchell, 1997). Rim101p shows homology 
over the zinc finger region of the major pH-responsive transcription factor in the filamentous fungus 
Aspergillus nidulans, PacC (Tilburn et al., 1995). Rim101p is also of a similar size to PacC. However, 
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there are several major distinctions between the two signalling pathways. PacC is processed by two 
sequential cleavages exclusively in an alkaline environment (Diez et al., 2002b), whereas Rim101p is 
processed by a single cleavage preferentially, but not exclusively, at high pH (Kitagaki et al., 1997).  
 
Figure 1.1 Model of the Rim101 pathway in Saccharomyces cerevisiae (Herrador et al., 
2010;Penalva et al., 2008) 
The Rim21p/Dfg16p heterodimer in the plasma membrane senses an increase in extracellular pH and 
recruits an arrestin-like protein, Rim8p. This interaction may result in phosphorylation of Rim8p, 
which leads to the endocytosis of the plasma membrane complex. At the endosomal membrane, 
Rim8p acts as the intermediary between Rim21p/Dfg16p and the ESCRT complexes. The arrival of 
Rim21p/Dfg16p at the endosomal membrane promotes the recruitment of Rim20p, Rim13p and 
Rim101p. Rim13p, a calpain-like cysteine protease cleaves Rim101p, which activates the 
transcription factor. Processed Rim101p then translocates into the nucleus where it induces the 
transcriptional repression of several target genes. The integral membrane protein Rim9p may have a 
role in the targeting of Rim21p/Dfg16p to the plasma membrane (Herrador et al., 2010;Penalva et 
al., 2008). 
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The Rim101 pathway is comprised of Dfg16p and Rim8p, Rim9p, Rim13p, Rim20p and Rim21p (see 
Figure 1.1). All of the genes encoding these proteins are homologous to genes encoding the 
constituents of the Pal signalling pathway in A. nidulans. Ygr122Wp was recently found to be 
essential for Rim101p activation (Rothfels et al., 2005) and YGR122W may be a homologue of the 
palC gene in A. nidulans (Galindo et al., 2007). 
pH sensing has been hypothesised to take place in an analogous way to that in A. nidulans. Dfg16p 
and Rim21p are homologues of the pH sensor in A. nidulans, PalH. All of these three proteins have 
been characterised as probable seven-transmembrane domain (TMD) proteins. Dfg16p and Rim21p 
may form a heterodimer, which senses the alkaline signal in high pH conditions. Dfg16p has been 
proposed to be a G protein-coupled receptor (GPCR) (Barwell et al., 2005). 
The Rim101 pathway is thought to be activated via the mediation of an arrestin-like protein, Rim8p. 
The alkaline signal promotes the binding of the C-terminal cytoplasmic tail of Dfg16p/Rim21p to 
Rim8p. This interaction was initially proposed to promote the phosphorylation and ubiquitination of 
Rim8p since the Rim8p homologue, PalF, is modified in this manner in a signal- and PalH-dependent 
manner (Herranz et al., 2005). The association of modified Rim8p with Dfg16p/Rim21p was 
postulated to result in the endocytosis of Dfg16p/Rim21p. However, the ubiquitination of Rim8p has 
been observed to be independent of extracellular pH or Rim101 pathway signalling (Herrador et al., 
2010).  
Downstream from the plasma membrane pH-sensing complex, Rim101p is cleaved to its active 
processed form at the endosome. Rim101p is activated through C-terminal cleavage by Rim13p, a 
calpain-like cysteine protease (Futai et al., 1999), following recruitment of Rim13p to the endosomal 
cleavage complex. All Endosomal Sorting Complex Required for Transport (ESCRT)-I and ESCRT–II and 
a subset of ESCRT–III proteins (Vps20p, Snf7p/Vps32p) are required for cleavage of Rim101p 
(Rothfels et al., 2005;Xu et al., 2004). Rim20p and Rim13p have been shown to interact with the 
ESCRT-III subunit Snf7p/Vps32p (Ito et al., 2001). 
Under acidic and alkaline conditions, many plasma membrane proteins are endocytosed and 
delivered to ESCRT-containing compartments. These compartments recruit Bro1p that interacts with 
Snf7p. Bro1p-Snf7p complexes promote multivesicular body (MVB) formation. Under alkaline 
conditions, delivery of endocytosed Dfg16p/Rim21p to the endosome may promote the interaction 
between Rim20p and Snf7p and other ESCRT subunits resulting in the assembly of the endosomal 
Rim101p cleavage-complex (see Figure 1.2) (Boysen and Mitchell, 2006). Specifically, the Rim20p-
Snf7p complex has been proposed as functioning as a scaffold for the recruitment of Rim101p and 
Rim13p (Lamb et al., 2001). Rim20p has been shown to bind to the C-terminal inhibitory domain of 
the full-length form Rim101p (Boysen and Mitchell, 2006). Deletion of BRO1 was observed to 
increase the endosomal recruitment of Rim20p, but did not result in Rim101p processing in a dfg16 
mutant (Boysen et al., 2010). Therefore, the endosomal recruitment of Rim20p is necessary but not 
sufficient for cleavage of Rim101p.  
There are some accessory proteins that are involved in regulating Rim101 pathway component 
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localisation and activity. Dfg16p and/or Rim21p localisation in the plasma membrane may be 
assisted by the PalI homologue Rim9p. PalI has been determined to be a three-TMD protein that 
contributes to PalH localisation in A. nidulans (Calcagno-Pizarelli et al., 2007). The ubiquitin E3 ligase 
Rsp5p is responsible for the constitutive ubiquitination of Rim8p. Binding of ubiquitin and Rim8p (via 
its SXP motif) to the ubiquitin E2 variant (UEV) domain of Vps23p triggers the monoubiquitination of 
Rim8p by Rsp5p (Herrador et al., 2010). Nuclear accumulation of Rim101p has recently been shown 
to be regulated by a cyclin-dependent kinase, Pho85p (Nishizawa et al., 2010). Deletion of PHO85 
was observed to result in the constitutive activation of expression of Rim101p-dependent genes, 
including CWP1, ENA2 and ENA5. Constitutive repression of expression of NRG1 and SMP1 was also 
observed. Interestingly, Pho85p was shown to regulate the nuclear export of both the unprocessed 
and processed forms of Rim101p. Whilst Pho85p has been shown to be capable of phosphorylating 
Rim101p in vitro, Rim101p is seen in a phosphorylated state in pho85 mutants (Nishizawa et al., 
2010). Pho85p may therefore phosphorylate an intermediary protein kinase that then 
phosphorylates Rim101p in order to promote its nuclear export. 
 
 
 
Figure 1.2 pH regulation of Rim20p localisation 
 (A) Under acidic and alkaline conditions, MVB formation is promoted through the recruitment of 
Bro1p to Snf7p, an ESCRT-III complex subunit,  following the delivery of endocytosed plasma 
membrane proteins to ESCRT-containing compartments. (B)Under alkaline conditions, Rim20p is 
recruited in preference to Bro1p following endocytosis of Dfg16p, resulting in activation of 
Rim101p.The figure originated from (Boysen and Mitchell, 2006). 
 
1.2.2 The Multivesicular Body Pathway 
Multivesicular bodies (MVBs) are endosomes that contain intraluminal vesicles (ILVs) formed from 
the invagination and subsequent budding of the limiting membrane into the MVB lumen (Babst, 
2011). The early endosome receives endocytosed integral plasma membrane proteins as well as 
some secretory pathway proteins from the Golgi. The endosome then sorts monoubiquitinated 
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protein cargo destined for degradation in the vacuolar lumen in to ILVs (Babst, 2005). Other proteins 
that require delivery to the vacuolar membrane or recycling back to the plasma membrane or Golgi 
are kept within the endosomal limiting membrane (Babst, 2005). Monoubiquitinated cargo are 
recognised and sorted into ILVs by the Endosomal Sorting Complex Required for Transport (ESCRT) 
complexes. An overall model for the multivesicular body pathway is shown in Figure 1.3. 
 
 
Figure 1.3 Model of the multivesicular body pathway 
PI(3)P synthesis carried out on endosomal membranes by the Vps15p-Vps34p complex results in the 
recruitment of Hse1p-Vps27p heterodimers. These ESCRT-0 components interact with 
monoubiquitinated cargo proteins and recruit ESCRT-I complex components. ESCRT-II and then 
ESCRT-III complexes are then recruited and assembled on the endosomal membrane, resulting in 
entry of the cargo proteins into intraluminal vesicles. Deubiquitination of the cargo also occurs as a 
result of ESCRT-III activity, with Doa4p involved in subsequent recovery of the ubiquitin. Abscission of 
the intraluminal vesicles is enacted and regulated by the ESCRT-III complex and accessory subunits. 
This figure was modified from one published by Katzmann and colleagues (2003). 
 
1.2.2.1 ESCRT-0 
The ESCRT-0 complex is comprised of heterodimers and heterotetramers of two subunits, Vps27p 
and Hse1p. The Caenorhabditis elegans Vps27p homologue (Hrs) has been shown to act as the major 
ESCRT-0 complex ubiquitin-binding protein, through its high affinity double ubiquitin-interacting 
motif (DUIM) (Mayers et al., 2011). Vps27p may indeed be the main ubiquitin-binding protein 
responsible for cargo clustering in S. cerevisiae ESCRT-0, as it contains two ubiquitin-interacting 
motifs. However, Hse1p, which also contains two ubiquitin-binding sites, may have a prominent role 
in the ubiquitin-binding activities of the ESCRT-0 complex (Shih et al., 2002;Mizuno et al., 2003). A 
model for ESCRT-0 oligomerisation leading to cargo protein clustering is shown in Figure 1.4. The 
ESCRT-0 complex is also responsible for recruiting a flat clathrin coat to the endosomal limiting 
membrane, as has been shown by the overexpression of Hrs, which contains a C-terminal clathrin-
binding domain, resulting in enhanced clathrin recruitment to the endosome (Raiborg et al., 2001). 
The ESCRT-0 complex has been postulated to sort monoubiquitinated protein cargo into clathrin-
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coated lipid microdomains in order to stop the recycling of the cargo back and thereby commit them 
to being incorporated in ILVs (Raiborg et al., 2002). Association with lipid microdomains is thought to 
occur through Vps27p interacting with phosphatidylinositol 3-phosphate via its FYVE domain 
(Katzmann et al., 2003). Overexpression of Hrs was observed to dramatically inhibit the recycling of 
monoubiquitinated transferrin receptor back to the plasma membrane via a mechanism dependent 
on the Hrs DUIM (Raiborg et al., 2002).  
 
 
Figure 1.4 ESCRT-0 heterotetramer assembly  
Binding of Vsp27p-Hse1p heterodimers to the endosomal membrane is thought to promote 
oligomerisation through homotypic interaction betweenVps27p molecules. The resultant 
heterotetramers associate with several monoubiquitinated cargo proteins simultaneously, leading to 
clustering of the cargo proteins. This model is based on that described for ESCRT-0 oligomerisation in 
C. elegans (Mayers et al., 2011). 
 
1.2.2.2 ESCRT-I 
The ESCRT-I complex is composed of four subunits, Vps23p/Stp22p, Vps28p, Vps37p and Mvb12p. 
ESCRT-I participates in protein cargo sorting via its interactions with monoubiquitinated cargo and 
the ESCRT-0 complex. Ubiquitin-binding by ESCRT-I is dependent on the ubiquitin E2 variant (UEV) 
domain of Vps23p/Stp22p, the yeast homologue of mammalian Tsg101 (Katzmann et al., 
2001;Koonin and Abagyan, 1997). Since a partial overlap of the interfaces on the ubiquitin molecule 
that are bound by Vps23/Stp22p and Vps27p has been predicted, sequential, rather than 
concurrent, binding by ESCRT-0 and then ESCRT-I has been proposed (Teo et al., 2004b). The 
importance of both Vps27p- and Vps23p/Stp22p-binding of ubiquitin has been shown through 
mutations in ubiquitin that ablate the binding of either ESCRT subunit greatly impairs the MVB 
sorting of a reporter protein (Bilodeau et al., 2003).  ESCRT-I is thought to be recruited following the 
unmasking of a proline/glutamine-rich domain in the C-terminus of Vps27p, as a consequence of a 
conformational change in Vps27p resulting from ubiquitin and phosphatidylinositol 3-phosphate 
binding to the protein (Katzmann et al., 2003). The key interaction in ESCRT-I recruitment has been 
shown to be a Vps27p-Vps23p/Stp22p affiliation (Bilodeau et al., 2003). 
1.2.2.3 ESCRT-II 
The ESCRT-II complex is made up of three subunits, Vps22p/Snf8p, Vps25p and Vps36p. The ESCRT-II 
  
Page 
24 
 
  
complex interacts with the ESCRT-I complex via an intimate association of Vps28p with the GLUE 
domain of Vps36p (Teo et al., 2006). The Vps36p GLUE domain also contains a lipid binding pocket 
that interacts with phosphatidylinositol 3-phosphate, thereby recruiting ESCRT-II to the endosomal 
lipid microdomains (Teo et al., 2006). The GLUE domain has also been found to be able to bind 
ubiquitin via an Npl4 zinc finger (NZF) domain (Alam et al., 2004). Indeed, Vps36p is responsible for 
the ubiquitin-binding activity of the ESCRT-II complex, which has been shown to be indispensable for 
MVB sorting (Alam et al., 2004).  
1.2.2.4 ESCRT-III 
The ESCRT-III complex comprises four subunits, Vps2p/Did4p, Vps20p, Vps24p and Vps32p/Snf7p 
(Babst et al., 2002a). The interaction between ESCRT-II and Vps20p has been shown to be vital to the 
formation of the ESCRT-III complex (Babst et al., 2002b). This interaction is primarily mediated by a 
Vps25p-Vps20p association (Teo et al., 2004a). ESCRT-III has been proposed to be composed of two 
subcomplexes, Vps2p/Did4p-Vps24p and Vps20p-Vps32p/Snf7p. The association of the ESCRT-III 
complex with the endosomal limiting membrane is thought to be governed by the Vps20p-
Vps32p/Snf7p subcomplex, since Vps2p/Did4p-Vps24p subcomplex localisation to the endosomal 
membrane was found to be greatly impaired in the vps20 and vps32 mutants (Babst et al., 2002a). 
This membrane association is thought to occur, at least partially, through the myristoyl group 
attached to a glycine residue in Vps20p (Babst et al., 2002a). The Vps2p/Did4p-Vps24p subcomplex 
has been shown to be required for the dissociation of the ESCRT-III complex mediated by the Vps4 
complex (Babst et al., 2002a). vps2/did4 and vps24 mutants were observed to phenocopy vps4 
mutants with respect to Vps20p-Vps32p/Snf7p retention at the endosomal membrane (Babst et al., 
2002a). Furthermore, Vps2p/Did4p has been shown to be able to bind to Vps4p and stimulate its 
ATPase activity through interaction between the Vps2p/Did4p C-terminal region and the Vps4p 
microtubule interacting (MIT) domain (Azmi et al., 2008). 
Vps32p/Snf7p and Vps24p have been reported to be capable of spontaneously forming ordered 
polymers in vitro, with Vps32p/Snf7p polymers self-organising as sheets, rings and filaments and 
polymerised Vps24p adopting a helical filament structure (Ghazi-Tabatabai et al., 2008). These large 
polymers may function in vivo to alter membrane curvature as a step in the formation of ILVs (Ghazi-
Tabatabai et al., 2008;Saksena et al., 2009). Indeed, a 40 nm-diameter liposomal invagination was 
observed upon incubation of liposomes with the ESCRT-III complex (Saksena et al., 2009). A spherical 
appearance was regained by these liposomes upon addition of Vps4p and ATP, an AAA-ATPase 
capable of disassembling lipid-bound Vps32p/Snf7p oligomers (Saksena et al., 2009). A helical 
polymer of the Vps2p/Did4p-Vps24p subcomplex has also been observed by cryo-electron 
microscopy, and has been postulated to form on the inside of an endosomal limiting membrane bud 
resulting in bud neck and constriction and subsequent ILV abscission (Lata et al., 2008). Abscission of 
the ILV is thought to be partly mediated by depolymerisation of the Vps2p/Did4p-Vps24p helical 
tubules by the action of Vps4p (Lata et al., 2008). However, another study reported that Vps20p, 
Vps32p/Snf7p and Vps24p were able to mediate ILV detachment from the endosomal limiting 
membrane without the presence of Vps2p/Did4p or Vps4p (Wollert et al., 2009). In order to recycle 
the ESCRT-III subunits and form another round of ILVs, Vps2p/Did4p and Vps4p were required 
(Wollert et al., 2009). 
1.2.2.5 Doa4p and ESCRT-III accessory subunits 
Doa4p, a deubiquitinating enzyme (ubiquitin thiolesterase) has been implicated in the recovery of 
  
Page 
25 
 
  
ubiquitin from ubiquitinated transmembrane proteins in the endosomal limiting membrane, prior to 
their incorporation in ILVs (Amerik et al., 2000). Bro1p has been reported to be important in the 
recruitment of Doa4p to the endosomal membrane, with DOA4 overexpression resulting in 
suppression of carboxypeptidase Y deubiquitination and sorting defects observed in the bro1 mutant 
(Luhtala and Odorizzi, 2004). DOA4 overexpression also suppressed the presence of class E 
compartments and absence of MVBs in the bro1 mutant (Luhtala and Odorizzi, 2004). Moreover, 
Bro1p-HA and Doa4p-GFP co-immunoprecipitated and Doa4p-GFP was found to be dispersed 
throughout the cytoplasm of bro1 mutants (Luhtala and Odorizzi, 2004). Recruitment of Bro1p to the 
endosomal membrane has been shown to be mediated by an interaction between its extended Bro1 
domain and Vps32p/Snf7p (Kim et al., 2005). Bro1p is not only involved in the recruitment of Doa4p 
to the endosomal membrane, but is also implicated in the stimulation of Doa4p deubiquitinating 
activity through interaction with a YPxL motif within the Doa4p catalytic domain (Richter et al., 
2007). Bro1p also has Doa4p-independent functions involving the control of membrane scission 
through directly binding via its extended Bro1 domain to Vps32p/Snf7p, resulting in the inhibition of 
Vps4p-mediated ESCRT-III complex disassembly (Wemmer et al., 2011). Consistent with this 
hypothesis, a diminished rate of ILV detachment from the endosomal limiting membrane was 
observed in mutants overexpressing BRO1 (Wemmer et al., 2011). 
Did2p, Ist1p, Vps60p and Vta1p are ESCRT-III accessory subunits that regulate Vps4p activity. Did2p 
acts as the bridge between the ESCRT-III complex, which it associates with via an interaction with 
Vps24p, and Vps4p, whose MIT domain is bound by Did2p (Nickerson et al., 2006). The did2 mutant 
presented a defect in disassembly of the ESCRT-III complex and some of the associated proteins (e.g. 
Bro1p, Doa4p), as seen in the vps4 mutant (Nickerson et al., 2006). Vta1p promotes the formation of 
ATP-bound Vps4p oligomers (10-12 monomers) from Vps4p dimers and stimulates Vps4p ATPase 
activity through an interaction between the beta domain within the Vps4p AAA-ATPase domain and 
the Vta1/SBP1/LIP5 (VSL) domain within Vta1p (Azmi et al., 2006;Scott et al., 2005). Did2p and 
Vps60p enhance Vps4p activity through Vta1p, by binding to an N-terminal MIT-like region within 
Vta1p (Azmi et al., 2008;Xiao et al., 2008). Additionally, Did2p was found to be capable of activating 
Vps4p activity in a Vta1p-independent manner via a direct interaction with the MIT domain of Vps4p 
(Azmi et al., 2008). Ist1p is a divergent member of the ESCRT-III family whose N-terminal domain has 
been shown to interact with the MIT-interacting motif 1 (MIM1) of Did2p (Xiao et al., 2009). Ist1p 
has been proposed to have two competing roles in the regulation of Vps4p, enhancing Vps4p 
recruitment to the ESCRT-III complex via an association with Did2p, and inhibiting Vps4p recruitment 
through formation of a Vps4p-Ist1p heterodimer (Dimaano et al., 2008). 
The formation of a Rim20p-Vps20p-Snf7p-Rim13p complex on the endosomal membrane is thought 
to be crucial for the recruitment and proteolytic activation of Rim101p (Hayashi et al, 2005). ESCRT 
components that promote Vps20p-Snf7p assembly on the endosomal membrane (e.g. ESCRT-I and 
ESCRT-II constituents) have been shown to be required for Rim101 pathway signalling (Hayashi et al, 
2005; Xu et al, 2004). However, deletion of genes encoding ESCRT-III complex and accessory 
components that promote the dissociation and removal of the Vps20p-Snf7p complex from the 
endosomal membrane (e.g. VPS4) results in constitutive activation of the Rim101 pathway (Hayashi 
et al, 2005).  
1.2.3 Activation of the Rim101 pathway 
The Rim101 pathway constituents were initially discovered as positive regulators of meiosis through 
  
Page 
26 
 
  
promoting the expression of a gene encoding a meiotic activator, IME2 (Su and Mitchell, 1993). The 
prefix “Rim” reflects this functional role, as it is an acronym for “Regulator of IME2”. The Rim101 
pathway was then shown to be activated by extracellular alkalinity and has subsequently been 
primarily described as a signalling pathway that is responsive to changes in extracellular pH (Li and 
Mitchell, 1997). However, the pathway has recently been reported to be involved in a plethora of 
cellular processes and stress responses.  
The Rim101 pathway has been shown to be important for lipid asymmetry homeostasis and to be 
activated by changes in lipid asymmetry (Ikeda et al., 2008). The pathway carries out this role via 
induction of expression of RSB1, which encodes a sphingoid long-chain base transporter in response 
to an alteration of glycerophospholipid asymmetry between the two leaflets of the plasma 
membrane. The induction of RSB1 expression is through repression of NRG1, which encodes a 
transcriptional repressor. Rim101p was found to be more highly processed in flip mutants (Δlem3 
and Δdnf1Δdnf2), and although to a lesser extent, in flop mutants (Δpdr5). The phenotypic 
characteristics of flip and flop mutants is outlined in Figure 1.5. The Rim101 pathway is thought to 
cooperate with Mck1p and Mot3p (see Figure 1.6). The mechanism for activation was proposed to 
be the recognition by Rim21p/Dfg16p of negatively charged phospholipids (e.g. phosphatidylinositol, 
phosphatidylserine) that are normally confined to the inner leaflet of the plasma membrane but 
became exposed as a result of changes in lipid asymmetry. 
 
Figure 1.5 Effect of flip and flop mutations on lipid asymmetry homeostasis 
Phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylcholine (PC) are 
predominantly localised to the inner leaflet of the plasma membrane (Ikeda et al., 2007). Myo-
inositol-containing sphingolipids are primarily found in the outer leaflet. Flip mutations result in a 
reduced accumulation of PE, PS and PC in the inner leaflet. Flop mutations enhance the enrichment of 
these phosphoglycolipids in the inner leaflet. 
 
  
Page 
27 
 
  
 
Figure 1.6 Lipid asymmetry signalling model 
Lipid asymmetry changes, resultant from flip or flop mutations, are transduced by the Rim101 
pathway and Mot3p/Mck1p-related pathways to induce the expression of RSB1. The Rim101 
pathway is primarily induced in response to flip mutations, whereas Mot3p and Mck1p respond 
preferentially to flop mutations. The figure originated from (Ikeda et al., 2008). 
 
The Rim101 pathway has also been linked to other fatty acid processes. The introduction of fatty 
acid destaurases from Kluveromyces lactis into S. cerevisiae (KlFAD2 and KlFAD3) resulted in the 
production of polyunsaturated fatty acids (PUFAs). S. cerevisiae usually only contains 
monounsaturated fatty acids and the introduction of these novel PUFAs led to a phenotype which 
was alkaline tolerant, displayed heightened resistance to Li+ and Na+ ions and zymolase. The 
genome-wide expression profile obtained by microarray analyses suggested that Rim101p was 
activated in this strain since a downregulation of expression of genes which are under the control of 
Rim101p was observed (Yazawa et al., 2009). The authors suggested that the mechanism of Rim101p 
activation in the case may be a result of signal transduction being affected as a result of altered fatty 
acid composition in the plasma and endosomal membrane. Membrane composition and shape was 
proposed to affect the Rim101 pathway in another recent report. A genetic interaction was 
described between phospholipase A2 (PLA2) activity and the Rim101 pathway (Mattiazzi et al., 2010). 
PLA2 changes membrane composition by cleaving fatty acids from phospholipid molecules. This 
activity also impacts on the curvature of membranes, since the products (lysophospholipids) are 
shaped like inverted cones whereas the phospholipid substrates are cylindrical. PLA2 activity was not 
observed to increase the ratio of processed to unprocessed Rim101p but was seen to increase the 
total abundance of Rim101p. 
The Rim101 pathway has been shown to be involved in the response to anaerobic stress (Snoek et 
al., 2010). The anaerobic upregulation of 26 genes has been shown to be Rim101p-dependent, 
including TIR1, which encodes a cell wall mannoprotein. The Rim101p-mediated upregulation of 
these genes does not involve the transcriptional repressors Nrg1p, Nrg2p or Smp1p. 
1.2.4 Transcriptional regulation by Rim101p 
The connection between the Rim101 pathway and pH regulation is not as close as the association of 
the PacC system with pH control. Only a subset of alkaline-induced genes was found to be regulated 
by Rim101p, of which some genes were still under pH control in the presence of a constitutively 
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processed, and thus active, Rim101 mutant protein (Lamb et al., 2001). Therefore, other signalling 
pathways have a profound role in sensing changes in extracellular pH. The evidence for activation of 
the Rim101 pathway in response to external cues other than ambient pH and the limited role the 
pathway plays in pH transcriptional regulation suggests that the Rim101 pathway may not function 
primarily as a pH control pathway. 
Rim101p appears to bind to the consensus sequence TGCCAAG, which is also a PacC-binding motif 
(Lamb and Mitchell, 2003). However, whilst PacC acts mainly as an activator, Rim101p 
predominantly functions as a repressor. Rim101p regulation is partly conducted via repression of the 
expression of two negative regulators, Smp1p and Nrg1p (see Figure 1.7). A connection between 
Rim101p and cell differentiation was established through the observation that deletion of SMP1 
restores haploid invasive growth to a rim101 mutant (Lamb and Mitchell, 2003). A link between 
Rim101p and alkaline growth was also established by showing that Nrg1p contributes to repression 
of ENA1 (Lamb and Mitchell, 2003), the product of which is a P-type ATPase that exports sodium and 
lithium ions from the cell (Haro et al., 1991). This P-type ATPase has been shown to have an 
important role in tolerance to high sodium and alkaline pH environments (Wieland et al., 
1995;Platara et al., 2006). Thus, Rim101p positively controls genes involved in sporulation and 
invasive growth through reducing Smp1p expression and genes relating to alkaline and ion tolerance 
via downregulation of Nrg1p expression. There is some complexity in the interplay between the 
pathways as Rim101p was found to act as a corepressor with Nrg1p to downregulate the expression 
of the mid-late class sporulation-specific gene DIT1. Rim101p and Nrg1p bind to adjacent target 
subsites in the negative response element (NRE) in the intergenic region between DIT1 and DIT2 
(Rothfels et al., 2005). 
Another important target of repression by active Rim101p is RIM8, which encodes the arrestin-like 
Rim8p that is required for Rim101p activation. Thus, a negative feedback loop appears to be a 
feature of the Rim101 pathway (Lamb and Mitchell, 2003). This negative feedback may be involved 
in a ‘dose-response alignment’ that makes the downstream responses more distinguishable and 
reduces the amplification of stochastic noise. A negative feedback loop with these properties, 
mediated by the mitogen-activated protein kinase Fus3p, was recently described in the yeast 
pheromone response system (Yu et al., 2008). A summary of these repression targets can be found 
in Figure 1.7.  
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Figure 1.7 Rim101p repression targets and their biological functions 
Rim101p binds to the promoter regions of NRG1, SMP1 and RIM8 (A).The repression target Nrg1p 
operates as a negative regulator of alkaline pH-induced genes ENA1 and ZPS1 (B). Smp1p is a 
Rim101p repression target that is an inhibitor for meiosis, sporulation and invasive growth (C). The 
repression target Rim8p is involved in the promotion of Rim101p activation and so the action of 
Rim101p on the RIM8 promoter results in a negative feedback loop. This figure originated from 
(Lamb and Mitchell, 2003). 
 
The role of Rim101p in sporulation was first identified through the isolations of mutants that were 
defective in IME2 expression (Su and Mitchell, 1993). The impaired expression of IME2 was shown to 
be dependent on a downregulation of IME1 expression in rim mutants (Su and Mitchell, 1993). 
Ime1p is the master regulator of meiosis and is responsible for the induction of early-stage 
sporulation genes (Kassir et al., 1988;Smith et al., 1990). Indeed, the Rim101 pathway has been 
speculated to be responsible for the cell density dependence of sporulation, which optimally occurs 
at 2x107 cells/ml (Fowell, 1967). This phenomenon has been shown to be a result of the cell density 
being at a level that leads to an optimal level of alkalinisation of the extracellular medium for 
stimulating sporulation, through secretion of bicarbonate ions (Ohkuni et al., 1998). Rim101p has 
also been shown to collaborate with Nrg1p in the downregulation of the mid-to-late sporulation 
gene DIT1 (Rothfels et al., 2005). Dit1p is an N-formyl transferase which is responsible for 
formylating free L-tyrosine, prior to its covalent dimerization, catalysed by Dit2p, to form dityrosine, 
a key component of the spore wall (Briza et al., 1994;Briza et al., 1986). 
With respect to alkaline response genes, some are expressed independent of the Rim101 pathway. 
This subset of genes includes some that are involved in metal ion homeostasis such as CTR3, which 
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encodes a high-affinity copper transporter, FRE1, which encodes a ferric and cupric reductase, and  
TIS11, an mRNA-binding protein involved in iron homeostasis (Lamb et al., 2001; (Pena et al., 
2000;Yun et al., 2001;Puig et al., 2005).  The subset of Rim101p-independent alkaline response 
genes also includes PHO84, which encodes a high-affinity inorganic phosphate transporter, and 
PHO11 and PHO12 which encode acid phosphatases (Lamb et al., 2001;(Bun-Ya et al., 1991;Toh and 
Oshima, 1974). Another subset of alkaline response genes have expression which is weakly 
dependent on the Rim101 pathway including NRG2, which encodes a transcriptional repressor, and 
ENA1, which encodes a plasma membrane alkali metal cation-ATPase (Lamb et al., 2001;Kuchin et 
al., 2002;Haro et al., 1991). A further class of alkaline response genes requires Rim101 signalling but 
processed Rim101p is not sufficient to promote expression, including ENB1, which encodes an 
endosomal high-affinity iron siderophore, and VMA1, which encodes a subunit of the vacuolar H+-
ATPase (Heymann et al., 2000;Hirata et al., 1990;Lamb et al., 2001). Processed Rim101p is sufficient 
to promote expression of another class of genes whose alkaline-induced expression is entirely 
dependent on Rim101p (e.g. ZPS1, which encodes a putative GPI-anchored protein (Lamb et al., 
2001;De Groot et al., 2003). 
 
1.2.5 Homologous pathways in other fungi 
The Rim101 pathway is highly conserved across the fungal kingdom. However, the function of the 
pathway appears to have divergent characteristics in different fungal species. This section will 
discuss the nature of the homologous pathways in Aspergillus nidulans, Candida albicans, 
Cryptococcus neoformans, Yarrowia lipolytica and Ustilago maydis (see Table 1). 
 S. cerevisiae A. nidulans C. albicans C. neoformans Y. lipolytica U. maydis 
Processing  Single 
cleavage at 
pH > 5 
Two sequential 
cleavages at 
alkaline pH 
Single cleavage 
event resulting 
in two distinct 
forms at acidic 
and alkaline pH 
Single cleavage 
event; two 
sequential 
cleavages occur in 
capsule-inducing 
media 
N/A 
 
N/A  
(Note: no genes 
that are 
homologous to 
DFG16, RIM21 or 
RIM8 have been 
found) 
Virulence of 
knockout 
mutants 
N/A Hypovirulent Hypovirulent Hypervirulent N/A Unaltered virulence 
Is there a role 
for pathway in 
cell wall 
homeostasis? 
Yes Yes Yes No significant role N/A Yes 
Is there a role 
for the pathway 
in dimorphic 
transition? 
N/A N/A Yes N/A No No 
Table 1. Summary of contrasting features of Rim101/PacC pathways in a range of fungal species 
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Figure 1.8 Rim101p/PacC processing in Candida albicans, Saccharomyces cerevisiae and Aspergillus 
nidulans 
 (A) Cartoon representation of C. albicans Rim101p displaying the predicted sites of proteolytic 
cleavage in alkaline (C-proc ALK) and acidic (C-proc ACID) environments. (B) Representation of 
Rim101p/PacC processing in C. albicans, S. cerevisiae and A. nidulans. The predicted forms resulting 
from processing and the dependence on Rim13p/PalB are shown. Whilst only a single, Rim13p-
dependent processing event occurs at neutral-alkaline conditions in S. cerevisiae, two processing 
events at neutral-alkaline pH occur in A. nidulans, with only the first being PalB-dependent. In C. 
albicans, neutral-alkaline conditions result in a single, Rim13p-dependent processing event but in 
acidic conditions there is either an additional, subsequent processing event or an alternative 
processing event. The figure was adapted from Li et al., 2004. 
 
1.2.5.1 Aspergillus nidulans 
PacC, a Rim101p homologue in Aspergillus nidulans, has been shown to undergo two proteolytic 
processing events. The first is from the full-length 72kDa form to the intermediate 53kDa form, a C-
terminal cleavage that is dependent on a functional Pal signalling pathway (see Figure 1.8). The 
second cleavage results in the formation of the 27kDa short form of PacC, a processing event that is 
carried out by the proteasome and is independent of the Pal signalling pathway (Hervas-Aguilar et 
al., 2007). 
A recent report has revealed an intriguing relationship between splicing of palB mRNA and pacC 
transcription (Trevisan et al., 2011). The presence of spliced palB mRNA has been proposed to result 
in a reduction of pacC expression (Trevisan et al., 2011). PalB has been shown to directly interact via 
its MIM motif with the MIT domain of Vps24, a component of the ESCRT-III complex (Rodriguez-
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Galan et al., 2009). Interestingly, expression of a Vps24 construct with the MIT domain deleted 
reduced but did not completely abrogate recruitment of PalB to the endosomal membrane or PacC 
processing, implicating other PalB-Vps24 interactions that do not involve the Vps24 MIT domain 
(Rodriguez-Galan et al., 2009). In S. cerevisiae no Vps24p-Rim13p interaction has been observed, 
indeed deletion of VPS24 was found to actually enhance rather than diminish Rim101p processing 
(Hayashi et al., 2005). Rim13p has been suggested to be recruited to the ESCRT-III complex instead 
via an interaction with Snf7p/Vps32p, since the two proteins have been shown to interact and 
deletion of VPS32 ablates signalling in the Rim101 pathway (Hayashi et al., 2005;Ito et al., 
2001;Rodriguez-Galan et al., 2009). 
The PacC pathway in A. nidulans has been shown to be crucial to virulence. Activated PacC has been 
reported to be essential for virulence in the neutropenic mouse model (Bignell et al., 2005). A pacC 
null strain, an unprocessible PacC strain and a palB null strain all exhibited hypovirulence in this 
model (Bignell et al., 2005). However, a strain expressing a C-terminally truncated form of PacC 
displayed hypervirulence (Bignell et al., 2005). Constitutive activation of PacC is therefore able to 
improve virulence in A. nidulans. Significantly less stromal penetration of porcine corneas has also 
been reported in pacC null mutants with respect to wild-type strains (Hua et al., 2010). 
 
1.2.5.2 Candida albicans 
A homologous Rim101 pathway has been intensively studied in the opportunistic fungal pathogen of 
humans, Candida albicans. Unlike other fungal Rim101p homologues, CaRim101p is observed to be 
C-terminally processed at both alkaline and acidic pH values to two distinct forms, the 75kDa and 
64kDa forms, respectively (see Figure 1.8) (Li et al., 2004). However, both of these processing events 
have been shown to be dependent on the Rim101 signalling pathway (Li et al., 2004). CaRim8p has 
been recently reported to be phosphorylated in a pH-dependent manner, with neutral-alkaline 
environments inducing CaRim8p phosphorylation (Gomez-Raja and Davis, 2012). Phosphorylation of 
CaRim8p has also been observed to correlate with CaRim101p processing. Rim8p is 
hypophosphorylated under acidic conditions and hyperphosphorylated in alkaline environments. 
However, CaRim8p only exhibits an intermediate level of phosphorylation at high extracellular pH 
values if the Rim101 pathway is defective (for example in the rim21-/rim21- mutant). CaRim8p has 
been proposed to act as an intermediary between CaRim21p and CaRim101p, since the three 
proteins have been found to coimmunoprecipitate (Gomez-Raja and Davis, 2012). 
The Rim101 pathway has been reported to be essential for virulence in the mouse model of 
haematogenously disseminated systemic candidiasis. The rim101-/rim101- and rim8-/rim8- mutants 
were observed to be hypovirulent in this model (Davis et al., 2000). Expression of a construct 
encoding a C-terminally truncated form of CaRim101p was able to restore virulence to the rim8-
/rim8- mutant (Davis et al., 2000). The Rim101 pathway has also recently been shown to have an 
important role in the pathogenesis of C. albicans keratinitis (Yuan et al., 2010). rim mutants caused 
much less severe murine keratinitis and significantly less stromal penetration of porcine corneas 
(Yuan et al., 2010). The hypovirulence displayed by rim mutants is thought to be partly due to an 
increased susceptibility to the host immune system, since the rim13-/rim13- mutant exhibited a 
moderate recovery of virulence in mice pre-treated with cyclophosphamide (Mitchell et al., 2007). 
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The more mild pathology associated with infection with rim mutants was partly attributed to an 
impairment of the yeast-to-hyphal transition (Yuan et al., 2010). Similarly, a lack of hyphal cells was 
observed following colonisation of the mouse kidney by the rim101-/rim101- mutant, resulting in a 
reduction in renal pathology (Davis et al., 2000). CaRim101p has also been recently implicated in 
white-opaque switching, a cellular and colony morphogenetic transition associated with sexual 
mating (Nie et al., 2010). Relief of Efg1p-mediated repression of CaRim101p has been proposed to 
result in promotion of the opaque morphogenetic state (Nie et al., 2010). 
The Rim101 pathway in C. albicans has also been associated with cell wall homeostasis. The rim13-
/rim13- mutant was found to be sensitive to calcfluor white at pH 8 (Davis et al., 2000). Furthermore, 
reduced virulence of rim101-/rim101- mutants in the mouse model of oropharyngeal candidiasis has 
been postulated to be a result of an aberrant cell wall structure resulting in defective interaction 
with epithelial cells (Nobile et al., 2008).  Virulence was partially restored to the rim101-/rim101- 
mutant following overexpression of any of a set of cell wall-associated genes (including ALS3, which 
encodes an invasin, and CHS2, which encodes a chitinase) (Nobile et al., 2008). Induction of 
expression of these genes has been shown to be Rim101-dependent. CaRim101p-dependent 
induction of SAP5, encoding a member of the secreted aspartyl protease family, has been postulated 
to confer tissue invasion capability to C. albicans through destruction of intercellular adherens 
junctions (Villar et al., 2007). Als3p has been shown to be important in the induction of epithelial cell 
endocytosis, through mimicry of cadherins (Phan et al., 2007). Als3p has also been shown to play a 
crucial role in iron acquisition through binding ferritin inside the host epithelial cell, therefore 
CaRim101p is also associated with iron homeostasis (Almeida et al., 2008).  
The Rim101 pathway has recently been found to mediate alkaline-induced Ca2+ ion influx in C. 
albicans through upregulation of MID1, CCH1 and YVC1 expression (Wang et al., 2011). These genes 
are also upregulated by Crz1p, implicating integration between the Rim101 and Crz1 signalling 
pathways in C. albicans. Ca2+ ion influx into the cytosol leads to activation of calcineurin that 
dephosphorylates Crz1p, thereby promoting Crz1p nuclear translocation and subsequent induction 
of several genes (including PHO89) (Stathopoulos-Gerontides et al., 1999;Wang et al., 2011).  
Sensitivity to lithium and hygromycin B has been reported in rim101-/rim101- mutants, similar to 
that shown previously in S. cerevisiae (Li et al., 2004;Lamb et al., 2001).  
 
1.2.5.3 Cryptococcus neoformans 
The presence of homologous Rim101 pathways in members the Basidiomycota, such as 
Cryptococcus neoformans, suggests an important role for this pathway since it is found across 
members of two phyla (Basidiomycota and Ascomycota). In the opportunistic fungal pathogen, C. 
neoformans, the rim101 mutant has been reported to be sensitive to alkaline environments (pH 
values greater than 7.6), 200mM LiCl and 1.5M NaCl (O'Meara et al., 2010). Unlike other fungal 
species, the C. neoformans rim101 mutant exhibited no significant impairment of cell wall 
homeostasis, as seen in growth in the presence of Congo red, SDS or calcofluor white (O'Meara et 
al., 2010). CnRim101p has been shown to be activated not only by the Rim101 pathway but also by 
the protein kinase A (PKA) pathway (O'Meara et al., 2010). A putative PKA phosphorylation site 
RRASSL was identified in the C-terminal region of CnRim101p (O'Meara et al., 2010). A defect in 
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capsule formation was observed in the rim101 mutant, with the capsule occupying less than 60% of 
the packed cell volume compared with wild-type capsules (O'Meara et al., 2010).  The reduced 
capsule in the rim101 mutant is thought to be a result of impaired capsule attachment to the cell 
surface, as is seen in the ags1 mutant (Reese and Doering, 2003;O'Meara et al., 2010). Hypocapsular 
C. neoformans mutants are typically hypovirulent (e.g. cap10, cap60 and cap64 mutants), but a 
modest hypervirulence has unexpectedly been found in rim101 mutants, hypothesised to be a result 
of the mutant’s enhanced capability for survival within macrophages (Chang and Kwon-Chung, 
1999;Chang and Kwon-Chung, 1998;Chang et al., 1996;Liu et al., 2008;O'Meara et al., 2010). The 
proposed enhanced capability for survival within macrophages conferred by RIM101 deletion 
suggests that CnRim101p may function in such a way that confers reduced tolerance of acidic 
conditions. 
Whilst PacC nuclear localisation was determined to be dependent on PacC activation in A. nidulans, 
CnRim101p was observed to be localised to the nucleus even at acidic pH (pH 5.4) (Mingot et al., 
2001;O'Meara et al., 2010). Mutation of the putative PKA phosphorylation site (S733A) or deletion of 
PKA1 or RIM20 resulted in CnRim101p localising to both the nucleus and the cytoplasm (O'Meara et 
al., 2010). Two processing  events have been reported for CnRim101p, with both the cleavage of the 
140kDa full-length form CnRim101p-GFP to the short 120kDa form (or further to the 70kDa form in 
capsule-inducing media) being dependent on PKA1, RIM20 and the PKA phosphorylation site within 
CnRim101p (O'Meara et al., 2010). Rim101-dependent altered expression was observed for a subset 
of genes under capsule-inducing conditions including genes involved in iron and copper 
homeostasis, cell wall assembly and capsule biosynthesis (O'Meara et al., 2010). Titan cell formation 
in C. neoformans has been shown to occur through PKA-induced activation of Rim101p (Okagaki et 
al., 2011). 
 
1.2.5.4 Yarrowia lipolytica 
A Rim101p homologue has been reported in the dimorphic yeast Yarrowia lipolytica (Lambert et al., 
1997). YlRim101p was implicated in the control of alkaline serine protease (AEP) production under 
near-neutral conditions (pH 6.8), with the rim101 mutant displaying almost a complete ablation of 
alkaline-induced XPR2 expression (Lambert et al., 1997). YlRIM101 was observed to be vital for 
mating and sporulation in this fungus, as is seen in S. cerevisiae (Lambert et al., 1997). However, 
rim101 or pal mutants did not exhibit any growth defects over a broad range of extracellular pH 
values (pH 3.5-8) (Lambert et al., 1997). However, a more recent report found evidence of sensitivity 
to alkaline conditions in rim101 and pal mutants (Gonzalez-Lopez et al., 2002). YlRim101p has been 
proposed to bind to a PacC binding site-like decamer in the XPR2 promoter, thereby mediating 
alkaline-induced expression of XPR2 (Madzak et al., 1999). However, the alkaline signal is not able to 
overcome the repression induced by the environment containing preferred carbon and nitrogen 
sources, which is in contrast to Aspergillus nidulans, but analogous to the signalling hierarchy 
reported in Penicillium chrysogenum (Madzak et al., 1999;Suarez and Penalva, 1996). The dimorphic 
transition that occurs in this yeast independently of YlRIM101, is in stark contrast to the role played 
by CaRIM101 in the dimorphic transition of Candida albicans (Gonzalez-Lopez et al., 2002;Ramon et 
al., 1999). 
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1.2.5.5 Ustilago maydis 
A RIM101 gene has been found in the basidiomycete Ustilago maydis, which causes corn smut 
disease. Expression of RIM101 was found to occur at both pH 3 and pH 7, although expression is 
upregulated in response to a shift from acidic to neutral conditions (Arechiga-Carvajal and Ruiz-
Herrera, 2005). Interestingly, the in silico search for Rim101 pathway homologues in U. maydis 
resulted in the identification of RIM9, RIM20, RIM13 and RIM23 homologues, but no genes that 
were homologous to RIM21,DFG16 or RIM8 (Cervantes-Chavez et al., 2010). The rim101 mutant 
exhibited sensitivity at pH 7 to 50mM LiCl and 1M NaCl, but no such phenotype was seen under 
acidic conditions (pH 3) (Arechiga-Carvajal and Ruiz-Herrera, 2005). The dimorphic transition of U. 
maydis has been observed to be dependent on extracellular pH, with yeast-like cells observed at 
neutral pH and mycelia reported at acidic pH (Ruiz-Herrera et al., 1995). However, the dimorphic 
transition in U. maydis, unlike that observed in Candida albicans, is RIM101-independent (Arechiga-
Carvajal and Ruiz-Herrera, 2005;Ramon et al., 1999). The rim101 mutant did exhibit some aberrant 
cellular morphology, with the yeast-like form appearing to be longer than in the wild-type and the 
mycelial form presenting more septa (Arechiga-Carvajal and Ruiz-Herrera, 2005). Interestingly, cell 
wall structure seems to be affected by RIM101 deletion, with the mutant appearing to be 
significantly more sensitive to Trichoderma lytic enzyme activity (Arechiga-Carvajal and Ruiz-Herrera, 
2005). Indeed, the rim13 mutant was recently reported to have a cell wall that was ~33% thinner 
than that seen in wild-type cells (Fonseca-Garcia et al., 2012). The cell wall was not only observed to 
be thinner in rim13 mutants, but also to have an altered composition with respect to wild-type cell 
walls, containing significantly less β-1,3-glucan (Fonseca-Garcia et al., 2012). RIM101 deletion 
appeared to have no effect on meiosis, in stark contrast to the role played by Rim101p in meiosis in 
S. cerevisiae (Arechiga-Carvajal and Ruiz-Herrera, 2005;Su and Mitchell, 1993). Virulence in the Zea 
mays host has been shown to be unaltered in rim mutants (Cervantes-Chavez et al., 2010). Finally, 
the Rim101 pathway was shown to have a dramatic effect on intracellular pH homeostasis in U. 
maydis. The rim13 mutant displays an intracellular pH that is alkalinised compared to that presented 
by wild-type cells (Fonseca-Garcia et al., 2012). Furthermore, whilst wild-type intracellular pH was 
relatively tightly controlled, the rim13 mutant showed pronounced elevation in intracellular pH in 
response to a shift from acidic to alkaline environments (Fonseca-Garcia et al., 2012). 
 
The Rim101 pathway has been implicated in a wide range of cellular processes in a diverse array of 
fungal species including virulence, ion homeostasis, cell wall homeostasis, yeast-to-hyphal transition, 
sporulation and white-opaque switching. The pathway may have further functional roles, as will be 
outlined and investigated in this thesis. 
 
1.3 Alkaline stress response 
The alkaline stress response is of profound importance. Plasma membrane and secreted proteins are 
exposed to changes in extracellular pH and their structure and function can be dramatically altered 
as a result of extracellular pH variation. A key feature of the alkaline stress response is the repression 
of genes encoding proteins that are well-suited to functioning in an acidic extracellular environment 
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and the induction of genes encoding proteins with similar functions that are more capable of 
maintaining structure and function under alkaline conditions. Furthermore, there is a reduced 
availability of metal ions under conditions of alkaline stress, resulting in a requirement for enhanced 
high-affinity uptake activity. Finally, extracellular alkaline stress threatens intracellular pH 
homeostasis, which means that the alkaline stress response includes measures that act to preserve 
intracellular homeostasis. 
1.3.1 Alkaline sensitive mutants 
The response to alkaline stress is distinct from the ionic stress response, as shown by a study that 
reported that of the 128 mutants found to be hypersensitive to pH 8, 100 mutants displayed a 
specific sensitivity to alkalinity (Giaever et al., 2002). Cell wall homeostasis was shown to be 
important for surviving in an alkaline milieu, with Wsc1p-Pkc1p-Slt2p cell wall integrity pathway 
mutants displaying hypersensitivity to alkalinity. Clathrin-associated protein complex mutants also 
showed pH 8 hypersensitivity, emphasising a role for vesicle transport in surviving alkaline stress.  
A total of 118 hypersensitive mutants were reported in another study (see Table 1.2) (Serrano et al., 
2004). Copper and iron homeostasis was implicated as being crucial to surviving alkaline stress. 
Many key genes associated with the homeostasis of these metal ions were found to confer 
hypersensitivity to mild alkaline stress upon deletion. FET3 encodes a plasma membrane 
multicopper ferroxidase that is responsible for oxidising Fe2+ ions that it receives from ferric 
reductases (e.g. Ftre1p) to Fe3+ ions, which then enter the cell via the iron permease, Ftr1p 
(Stearman et al., 1996). Fet3p-Ftr1p comprise the high affinity iron uptake system, whilst the Fet4p 
iron (Fe2+) permease functions as a low affinity plasma membrane iron transporter (Dix et al., 1994). 
fet3 mutants were observed to be sensitive to mild alkaline environments and FET4  was found to be 
one of only two genes that were observed to confer enhanced growth under alkaline conditions 
upon overexpression (Serrano et al., 2004). Copper ions are required for Fet3p activity, and are 
supplied to the extracytosolic domain of this ferroxidase by the copper transporter Ccc2p in a post-
Golgi compartment prior to the incorporation of Fet3p into the plasma membrane (Yuan et al., 
1997). aft1 mutants were found to exhibit reduced growth under conditions of mild alkalinity. The 
AFT1 gene encodes a transcription factor that promotes the expression of FET3 and FTR1, as well as 
genes encoding ferric reductases (FRE1 and FRE2) (Yamaguchi-Iwai et al., 1995). Copper homeostasis 
was shown to be vital for growth at a relatively high extracellular pH, with the deletion of CTR1, 
which encodes a plasma membrane high affinity copper transporter, resulting in hypersensitivity to 
alkalinity (Serrano et al., 2004;Dancis et al., 1994). Furthermore, overexpression of CTR1 was found 
to result in increased alkaline tolerance, provided that FET3 and CCC2 were not deleted (Serrano et 
al., 2004). Supplementation of pH 8 media with Fe2+ and/or Cu2+ ions resulted in a suppression of 
growth inhibition (Serrano et al., 2004). Addition of micromolar concentrations of Fe2+ resulted in 
the recovery of growth of the fet3 mutant under alkaline conditions. 
Interestingly, a connection between iron homeostasis and the Rim101 pathway has recently been 
reported. AFT1 was reported to have a synthetic lethal genetic interaction with RIM21 and a 
synthetic sick interaction with RIM20 and RIM101 (Berthelet et al., 2010). Furthermore, synthetic 
lethal interactions were described for FET3 with RIM20 and RIM101. Deletion of FET3 and RIM21 
was observed to result in reduced growth rates compared to the fet3 or rim21 mutants (Berthelet et 
al., 2010). Slow growth of rim20, rim21 and rim101 mutants was also observed under low iron 
conditions (2.5µM FeSO4) (Jo et al., 2009). Rim101p has been proposed to regulate the expression of 
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a subset of the iron regulon genes on the basis that ARN4 expression has been observed to be 
Rim101p-dependent, and FET3, ARN1 and FRE1 alkaline-induced expression is enhanced upon 
RIM101 deletion (Berthelet et al., 2010;Lamb and Mitchell, 2003;Lamb et al., 2001;Barwell et al., 
2005). Furthermore, FRE2-4, ARN2 and FIT1 have downregulated expression levels in alkaline-
stressed rim101 mutant cells (Barwell et al., 2005). The mechanism by which Rim101p acts on these 
iron regulon genes remains to be elucidated, as Rim101p was not detected by chromatin 
immunoprecipitation on the ARN4 promoter, and a poor association with the ARN1 promoter was 
reported (Lamb and Mitchell, 2003;Harbison et al., 2004). Moreover, the transcriptional repressors 
that are typically repressed in Rim101p-dependent transcriptional activation, Nrg1p and Smp1p, 
were not found to bind to the promoters of any of the iron regulon genes (Harbison et al., 2004). 
The Rim101 pathway is thought to act in parallel to Aft1p, with both having roles in alkaline stress 
responses and iron homeostasis. Moreover, roles for Aft1p in cell wall and ion homeostasis has also 
been proposed, as aft1 cells exhibit sensitivity to caffeine, SDS and calcofluor-white, as well as NaCl 
(Berthelet et al., 2010). As described above, the Rim101 pathway has been implicated in both of 
these cellular processes. 
The importance of a fully-functioning vacuole with regard to surviving alkaline stress is emphasised 
by the hypersensitivity to alkaline conditions exhibited by many mutants with defective vacuoles 
(e.g. vma4, pep3). Lipid metabolism has also been shown to be connected to survival and growth at 
high extracellular pH values since deletion of several genes encoding proteins involved in lipid 
metabolic pathways (e.g. ergosterol biosynthesis) display a sensitivity to alkalinity (e.g. erg2). 
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Function Highest sensitivity <-------------------------- ---------------- -------> Lowest sensitivity 
Vacuolar 
biogenesis and 
organisation 
CUP5, TFP1, VMA2, 
VMA22, VMA4, 
VMA5, VMA6, VMA7, 
CWH36 
VMA21, PEP3, PEP5, 
PPA1, TFP3, VMA13, 
VPS16, VPS33, VPS34,  
ARP5, VPS15 FAB1, PEP7, 
VMA8, PKR1 
VPS65 
Transport in other 
organelles 
  GCS1, SEC22, 
DRS2 
VPS20, GLO3, 
COG8, SYS1 
 
Metal ion 
homeostasis 
AFT1, CTR1, SOD1 LYS7, SOD2  CCC2, FET3, 
PMR1 
 
Amino acid 
metabolism 
GLY1, PHO2, PRO1  CYS3 ARO2, ILV1 TYR1 
Lipid metabolism  ERG2, ERG6 ARV1, BTS1 AGP2, DAP1, 
FEN1, MGA2 
 
Phosphate 
metabolism 
 PHO4, PHO81 PHO85   
Cell polarity, cell 
wall biogenesis 
and organisation 
RHO4, BUD25 BEM1, GAS1, SLT2 BCK1 BEM4 CNB1 
Chromatin 
modification, 
architecture and 
transcription 
SWI3  BUR2, 
DAL81, 
GCN5, HTZ1, 
REF2, REG1, 
RBP9, SPT20, 
SSN8, UME6 
ADA2, KEM1, 
MED2, SPC72, 
SRB5, SWI4, 
TOP1 
MRS1 
Others PHO86, KEX2, RIB4 DIA2, SPS1 FYV6, MAP1, 
TPD3 
ADE12, ATP1, 
ATP11, NEM1, 
PTC1, URE2, 
ZWF1 
COX16, RIB1, 
SCP160, TUM1 
Unknown YEL045C, YKL118W
1
, 
YOR331C
2 
 YJL175W
3 HUR1
4
, ILM1, 
YLR358C
5
  
YJR018W
6
, RRG7 
1. Partially overlaps VPH2, which is required for V-ATPase function. 2. Partially overlaps VMA4. 3. Partially 
overlaps SWI3. 4. Partially overlaps PMR1. 5. Partially overlaps RSC2, a component of the chromatin 
remodelling complex. 6. Partially overlaps ESS1, which regulates the phosphorylation of the C-terminal domain 
of the RNA polymerase II large subunit (Kops et al., 2002). 
Table 1.2 Mutations that confer sensitivity to alkalinity 
The table was adapted from (Serrano et al., 2004). Genes in bold were also identified as imparting a 
fitness defect at pH 8 in an aforementioned study (Giaever et al., 2002). 
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1.3.2 Alkaline stress response pathways 
The Rim101 pathway is only one of a set of alkaline stress response pathways that have overlapping 
functions. Other alkaline stress response pathways include the calcineurin, cell wall integrity and 
oxidative stress pathways. 
The Ca2+/calmodulin-dependent Ser/Thr protein phosphatase, calcineurin, comprises a regulatory 
subunit (Cnb1p, ~19kDa) coupled with a catalytic subunit (one of two redundant proteins, Cna1p or 
Cna2p, ~60-68kDa) (see Figure 1.9) (Cyert, 2003). The regulatory subunit has four binding sites for 
Ca2+ ions, with Ca2+ binding leading to the activation of the catalytic subunit (Aitken et al., 1984). A 
role for calcineurin in responding to alkaline stress first came from reports that the administration of 
a calcineurin-specific inhibitor, FK506, or deletion of CNB1, resulted in sensitivity to an alkaline 
extracellular environment (Nakamura et al., 1993). Once activated, calcineurin dephosphorylates the 
Crz1p transcription factor, which then accumulates in the nucleus where it binds to calcineurin 
dependent response elements (CDREs) in the promoters of a wide array of genes (Stathopoulos and 
Cyert, 1997). The mechanistic link for how alkaline pH activates calcineurin has been delineated. 
Alkalinity results in a burst of Ca2+ ion influx through the voltage-gated Cch1p-Mid1p high affinity 
Ca2+ channel, which thereby causes calcineurin to be activated (Stathopoulos and Cyert, 1997). A 
total of 27 genes were observed to have a reduced or ablated alkaline-induced upregulation of 
expression in cnb1 cells. Some were observed to be totally dependent on calcineurin for alkaline-
induced upregulation (e.g. RSB1, PHO89), others showed strong (e.g. PRB1, PEP4) or weak 
calcineurin-dependence (e.g. PHD1, ADH3) (Stathopoulos and Cyert, 1997). CDRE motifs were 
present in the promoters of eight of the 27 genes (including the promoters of PHO89 and PRB1). The 
connection between calcineurin activity and survival in an alkaline milieu requires further 
elucidation, since crz1 mutants have surprisingly been reported to be only slightly affected by 
alkalinity (Arino, 2010). 
The cell wall integrity (CWI) pathway has been implicated in the response to alkaline stress (see 
Figure 1.10). Deletion of BCK1, which encodes the MAPKKK of this signalling pathway, or of SLT2, 
which encodes the MAPK in the CWI pathway, has been shown to result in hypersensitivity to 
alkaline stress (Giaever et al., 2002;Serrano et al., 2004). Moreover, Slt2p was found to be activated 
(by phosphorylation) rapidly following the application of alkaline stress (Serrano et al., 2006).  One of 
the pathway components upstream of Bck1p, Wsc1p, has been postulated to sense extracellular 
alkaline pH. wsc1 mutants were found to be sensitive to mild alkalinity (pH 7.5) and exhibit impaired 
alkaline-induced Slt2p phosphorylation (Serrano et al., 2006). Moreover, a subset of genes whose 
expression is induced by alkaline stress are dependent on Slt2p, including a group of cell wall-
associated genes (GSC2, CRH1 and DFG5) (Jung and Levin, 1999;Garcia et al., 2004). dfg5 cells were 
reported to be sensitive to mild alkaline stress (pH 7.5) (Serrano et al., 2006). Slt2p is thought to 
promote survival in a high pH environment through phosphorylation of a range of targets, including 
the Rlm1p transcription factor and the Swi4p-Swi6p complex (Arino, 2010). 
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Figure 1.9 The calcineurin pathway 
Ca2+ ions entering the cytosol from the extracellular environment via the Cch1p/Mid1p channel bind 
to calmodulin. Ca2+/calmodulin then activates calcineurin by binding to the regulatory subunit, 
Cnb1p. The activated catalytic subunit (Cna1p) dephosphorylates the transcription factor Crz1p, 
which enters the nucleus where it binds to calcineurin-dependent response elements (CDREs). This 
figure was adapted from one published by Chen et al, 2012. 
Alkaline stress has been hypothesised to result in the generation of reactive oxygen species, which 
may explain the alkaline hypersensitivity phenotype seen in superoxide dismutase (SOD) mutants 
(sod1 and sod2), as well as SOD copper chaperone mutants (lys7) (Serrano et al., 2004). Moreover, 
this would explain the requirement for copper availability under conditions of alkaline stress. The 
signalling pathway responsive to alkaline-induced oxidative stress may act via the Skn7p and/or 
Yap1p transcription factors (Mulford and Fassler, 2011). A further putative alkaline stress response 
pathway has been suggested, involving the dramatically elevated synthesis of phosphatidylinositol 
3,5-bisphosphate (PI(3,5)P2) from phosphatidylinositol 3-phosphate by Fab1p (Mollapour et al., 
2006). Evidence for the potential importance of this process in surviving alkaline stress stems from 
the observation that fab1 mutants show severely reduced growth at pH 8 (Mollapour et al., 2006). 
Interestingly, a role for Fab1p and PI(3,5)P2 synthesis in Rim101p processing has been suggested as 
both are required for a fully functional multivesicular body, which is the site of Rim101p processing 
(Odorizzi et al., 1998;Shaw et al., 2003). 
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Figure 1.10 Cell wall integrity pathway 
Upon sensation of cell wall damage by Mid2p/Wsc 1-4p, the Rho1p G protein is activated. Rho1p is 
responsible for activating a MAPK cascade which terminates in the phosphorylation of the Rlm1p and 
Swi4p transcription factors by the MAPK Slt2p. This figure was published by Reinoso-Martin et al. 
(2003). 
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1.3.3 Genes transcriptionally regulated in response to alkaline stress 
 
A prominent feature of the transcriptional response to alkaline stress is the regulation of expression 
of several genes encoding transporters. Expression of the gene encoding the plasma membrane 
alkali metal cation ATPase, Ena1p, is upregulated within 5 minutes following the application of 
alkaline stress (see Table 1.3). The reduced availability of phosphate and metal ions at alkaline pH is 
thought to necessitate the observed upregulated expression of genes encoding high-affinity 
transporters for these ions (e.g. PHO89) (Serrano et al, 2002).  
Another significant element of transcriptional regulation induced by alkaline stress is that a subset of 
regulated genes is responsive to a broad range of stress conditions. These genes are thought to 
belong to a group of genes that are transcriptionally regulated as part of the general environmental 
stress response (e.g. SOD1, which encodes a superoxide dismutase) (Gasch et al, 2000). 
Under conditions of alkaline stress, the expression of several genes involved in cell growth and 
division is downregulated while the cell attempts to overcome the challenge presented to its 
survival. Similarly, the expression of genes associated with amino acid metabolism (e.g. ARG1) and 
purine biosynthesis (e.g. ADE1) is reduced upon application of alkaline stress (see Table 1.4). 
The Rim101 pathway is clearly not the only signalling pathway involved in the alkaline stress 
response. Furthermore, other roles for the pathway have been described (e.g. lipid asymmetry 
homeostasis). The information described above regarding alkaline sensitive mutants and gene 
expression that is regulated in response to alkaline stress will be used in this thesis to shed light on 
other possible roles for the Rim101 pathway. For example, since a functioning vacuole has been 
shown to be a prerequisite to surviving extracellular alkalinity, the Rim101 pathway may have a role 
in vacuolar pH homeostasis. The rationale for such extrapolations is that since the alkaline stress 
response involves a diverse array of cellular process (e.g. metal ion homeostasis), the Rim101 
pathway may respond to, or regulate, alterations of these processes. 
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Function Early Intermediate Late 
Carbohydrate metabolism 
and energetics 
ALD4, SDH4, SUC4 ALD6, CIT2, DLD3, RKI1  
Phosphate transport and 
metabolism 
PHO89 VTC4 PHO12, PHO84, VTC1, 
VTC3 
Other metabolic 
processes 
PNC1 AAD3, AAD6, AAD15, 
ADH6, MET14, MET17, 
SUR1, URA5, YGL039W 
ERG3, NTE1 
Ion transport, ion 
homeostasis and other 
transport processes 
ENA1, ENA5, HNM1, 
HXT4, HXT12, MEP1 
ADP1, ARN3, CST13, CTR1, 
FRE1, FTH1, HMX1, ISU1, 
SNQ2 
ARN1, ARN2, FET3, FIT1, 
FIT2, FLC2, ZRT3 
Transcription, RNA 
processing and ribosomal 
biogenesis 
HRP1, RTC3 CIC1, CYC1, DBP8, EMG1, 
HCA4, HMLα1, KRR1, 
LHP1, MRT4, NCA3, 
NMD3, NOP6, RPB5, 
RPA12, RPC37, RPC40, 
RRP1, RRP8, RRP40, 
SXM1,TIS11 
DUS4 
Stress response SPI1 CCP1, DDR48, GRX2, PAI3, 
SIP18, SOD1, TRR1, YSA1 
HSP30 
Protein degradation, 
synthesis and 
modification 
PEP4, RSM10, YPS1 KRS1, PRE1, PRE9, RLP7, 
RPL12B 
RPL25 
Other CWP1, EIS1, EMI2, FZO1, 
GPI18, MCK1, NCE103, 
NPC2, PHD1, PUN1, RSB1, 
STF2 
ARP1, CDC28, CMD1, 
ECM1, GRE2, MND1, 
PGA2, RSC6, RVS161, 
SQT1, VPS74, ZPR1 
MTL1, RTT10 
Unknown AIM17, DIA1, FMP43, 
HOR7, MSC1, PNS1, RTA1, 
TMA10, YBR287W, 
YHR138C, YJL171C, 
YMR304C-A 
AIM2, CTR86, HGH1, 
YDR161W, YDR370C, 
YKL071W, YLR108C, 
YML131W, YMR173W-A, 
YNL134C, YNL208W, 
YOL150C 
TOS6, YBL108W, 
YML057C-A, YNL013C 
Table 1.3 ORFs with transcription induced by at least two-fold upon application of alkaline stress 
Early ORFs are expressed maximally at 5 min, intermediate ORFs at 25 min and late ORFs at 45 min 
post-application of alkaline stress. Bold text denotes genes that are regulated in response to a broad 
range of stress conditions (Gasch et al, 2000). Table was adapted from (Serrano et al., 2002). 
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Function ORF 
Amino acid metabolism ARG1, ARG3, ARG4, ARG5, ARG6, ARG81, ARO9, ASN1, ASN2, BAT1, 
CPA2, GAT1,GCV1, GCV2, GCV3, GDH1, GLN1, HIS1, HIS4, HIS5, HIS7, 
HOM2, ILV2, ILV3, LEU1, LEU4, LEU9, LYS1, LYS4, LYS9, LYS12, LYS20, 
MET6, MET22, SAM4, SER1, SHM1, SHM2, SRY1, STR2, TRP5 
Purine biosynthesis ADE1, ADE2, ADE3, ADE4, ADE5, ADE7, ADE12, ADE13, IMD1, MTD1 
Carbohydrate metabolism 
and energetics 
ACO1, ACO2, ADH5, ARI1, ARO10, ATP15, ATP20, ERR2, ERR3, GSY1, 
IDP1, MAE1, PFK1, PGM2, PTC5, PYC2, PYK2, QCR6 
Other metabolism ACS2, ALT1, BNA4, DFR1, ERG6, OYE3, SNZ1, SUR2, UPC2 
Cell growth and division CDC15, CKS1, CLA4, CRN1, FAR1, FAR3, HHF1, IME2, MUM2, NDD1, 
POG1, RFC3,  RNR4, SIM1, SWI4, WTM1 
Transcription and RNA 
processing 
BTT1, CLF1, CRT10, DAL81, DAT1, DIS3, DBP5, ECM22, EGD1, EMG1, 
FAL1, GTF1, HAS1, HMRA1, MCM1, NGR1, PSP2, RDS2, RPA49, SEN54, 
SMX2, SPT5, TAD2, TAF19, TSR4, VPS75 
Protein synthesis and 
degradation 
AOS1, CCT7, HSP82, RPL5, RPS7B, RPL33B, RPL34A, TIF5, TUF1, UBA1, 
YDR341c 
Transport processes AAC1, AGP1, AVT4, CTP1, FIT3, GAL2, HXT8, HXT9, HXT11, HXT12, 
INP54, MDL1, PMA2, QDR3, TAT2, TED1,THI72, YHM1, YFR045W, 
YPR011C 
Secretion and endocytosis ENT1, GVP36, KEX1, OSH2,  SCD5, SEC4, SEC9, SEC16, TLG2, YAP1801 
Other CSM3, EFD1, ERV2, EXG1, FLO8, FPK1, GAL80, GFA1, GIS4, HAC1, 
HAL5, MSB4, MTL1, PAU23, PUF3, RGA2, RLM1, RSE1, RTG1, RUP1, 
SFL1, SLM1, SPR1, SSA4, TIR1,TIR2, VMA13, YAK1, YRF1 
Unknown AIM17, COS2, DIF1, EPO1, IMO32, IRC10, MAG2, PAU19, RTC2, SEG2, 
YHI9, YRO2, YAR010C, YBR053C, YBL101W-A, YBR012W-A, YBR134W, 
YBR113W, YCL020W, YCL042W, YCL019W, YEL045C, YER160C, 
YFL032W, YGL010W, YGL117W, YGL072C, YGR182C, YJL160C, 
YJR026W, YLR177W, YLR257W, YML039W, YML040W, YML045W, 
YML095C-A, YMR051C, YMR046C, YOR203W, YOR223W, YPR012W, 
YPR014C, YPR022C, YPL229W 
Table 1.4 ORFs with transcription repressed by at least three-fold upon application of alkaline 
stress 
Table was adapted from (Serrano et al., 2002). Bold text denotes genes that are regulated in 
response to a broad range of stress conditions (Gasch et al, 2000). 
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1.4 Cytosolic pH homeostasis 
1.4.1 Cytosolic pH 
Intracellular pH has been shown to have a strong influence on several cellular processes including 
enzyme kinetics, redox state and protein folding. Maintaining a constant cytosolic pH is therefore 
vital to the survival of the yeast cell. Enzyme kinetics are affected by intracellular pH, with the pKa 
values of the amino acid side chains in the enzyme’s active site, substrate and enzyme-substrate 
complex determining how kinetics are influenced by pH changes (Alberty, 2007). Proton 
consumption during the enzyme-catalysed reaction also impacts on how enzymatic kinetics manifest 
over a range of pH values (Alberty, 2007). The dependence of redox state on pH has been observed 
in a study of glutathione reductase activity over a broad range of pH values (Veine et al., 1998). 
Glutathione reductase is an enzyme which catalyses the transfer of electrons from NADPH to 
glutathione disulphide, thereby yielding two glutathione molecules. The redox potential for this 
enzyme was observed to change as a function of pH (-51mV/pH at low pH values, -37mV/pH at high 
pH values) (Veine et al., 1998). The effect of pH on protein folding and stability has been outlined 
through testing how the linear dependence of the free energy of unfolding on denaturant 
concentration (the m-value) varies in response to pH changes (Whitten et al., 2001). Some proteins 
exhibit an increased m-value at low pH, such as RNase A, which is thought to reflect increased 
accessibility for the denaturant under acidic conditions due to changes in surface charge (Pace et al., 
1990). Other proteins (e.g. α-lactalbumin) exhibit a diminished m-value with decreasing pH, which is 
thought to be a result of denaturation proceeding from the native to denatured state via an 
intermediate which is stabilised under acidic conditions (Kuwajima et al., 1976). 
Intracellular pH also influences protein-lipid associations. The transcription factor Opi1p is bound by 
phosphatidic acid at the endoplasmic reticulum, thereby preventing Opi1p from entering the nucleus 
and subsequently downregulating INO1 (Young et al., 2010;Loewen et al., 2004). Intracellular 
acidification of less than 0.5 pH units in response to glucose starvation results in phosphatidic acid 
being protonated, resulting in the release of Opi1p, which enters the nucleus and inhibits the 
expression of INO1 (Young et al., 2010). 
The pH-buffering components of the cell that resist changes in pH include the C-termini of proteins, 
which are virtually all in the dissociated state at cytosolic pH (pKa = 3.1) (see Table 1.5). The N-
termini are generally in the protonated form at cytosolic pH (pKa = 8.0). Acidic amino acids aspartic 
and glutamic acid are largely in the deprotonated state, reflective of a pKa value that is only slightly 
higher than that of the C-termini (pKa = 4.4). Histidine residues would be expected to switch 
between being mainly deprotonated and largely protonated as a result of having a pKa that is 
approximately median cytosolic pH. Basic amino acids (cysteine, lysine, tyrosine and arginine) are 
found primarily in their protonated states as a result of having pKa values that are 8.5-12.0. 
Ammonium and phosphate are two metabolites that are critical to cytosolic pH homeostasis. 
Ammonium is primarily in the undissociated state at cytosolic pH and phosphate is virtually entirely 
in the H2PO4
- and HPO4
2- forms.  
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Table 1.5 pH buffering components of the cell 
Principle protein residues and metabolites involved in intracellular pH buffering and their pKa values. 
Table originated from (Orij et al., 2011). 
1.4.2 Pma1p 
Pma1p is a primary active transporter that couples the export of H+ ions across the plasma 
membrane to ATP hydrolysis. Pma1p is present in quantities greater than any other protein in the 
yeast cell and consumes at least a fifth of total cellular ATP (Arino et al., 2010). The plasma 
membrane H+-ATPase encoded by PMA1 was purified using a zwitterionic detergent and found to be 
a single polypeptide with a molecular weight of 100kDa (Malpartida and Serrano, 1980). The proton-
pumping activity of this transporter was observed, and found to be dependent on ATP hydrolysis, 
following reconstitution of purified Pma1p into liposomes (Malpartida and Serrano, 1981). H+/ATP 
stoichiometry was found to be 1:1, with the apparent stoichiometry for the Neurospora crassa H+-
ATPase reported as 0.82-1.23 H+ translocated per ATP molecule hydrolysed (Perlin et al., 1986).  
ATP hydrolysis has been shown to occur, in Schizosaccharomyces pombe, via the phosphorylation of 
an aspartate residue in the H+-ATPase (Amory and Goffeau, 1982). Pma1p inhibitors have been 
found to prevent either the generation of this phosphorylated intermediate (e.g. diethylstilbestrol) 
or the subsequent dephosphorylation of the intermediate (e.g. vanadate), thereby inhibiting ATP 
hydrolysis (Amory and Goffeau, 1982). This mechanism of ATP hydrolysis, coupled to substrate 
transport, characterises Pma1p as a P-type ATPase family, which includes the animal cell Na+/K+ 
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ATPase (Ambesi et al., 2000). Within the P-type family, Pma1p has been classified as being a 
member of the P2-subfamily, which are responsible for monovalent and divalent cation transport 
(Morsomme et al., 2000). Electron crystallography was applied to purified N. crassa plasma 
membrane H+-ATPase, revealing four cytoplasmic domains and a transmembrane domain comprised 
of ten membrane-spanning alpha-helices (Auer et al., 1998). 
Pma1p activity is regulated by a wide variety of different stimuli. Pma1p has been observed to be 
strongly, rapidly and reversibly activated by glucose, with ATPase activity observed to increase by 
almost an order of magnitude following addition of glucose (Serrano, 1983). Glucose addition affects 
the Km (reduced) and the Vmax (increased) of Pma1p (Supply et al., 1993). Pma1p has also been 
shown to have an optimum pH of 5.6-5.7, which increases to pH 6-7 following glucose administration 
(Serrano, 1983). Glucose has been observed to have a more long term effect on Pma1p activity 
through upregulation of PMA1 expression as a result of the collaborative action of the transcription 
factors Gcr1p and Rap1p (Rao et al., 1993). 
Membrane potential has also been shown to strongly influence Pma1p activity, with a large 
membrane potential (~254mV) generated in reconstituted liposomes resulting in a strong inhibition 
of N. crassa H+-ATPase activity (Seto-Young and Perlin, 1991).  
Acidic extracellular conditions (below pH 4) have been observed to enhance Pma1p ATPase activity 
2-3 fold, resultant from an increased affinity for ATP (lower Km) without affecting the Vmax of the 
enzyme (Eraso and Gancedo, 1987). The enhanced proton-pumping capability of Pma1p under acidic 
conditions is thought to be a mechanism by which the cell maintains intracellular pH homeostasis. 
The activation of Pma1p in response to acidic extracellular pH has been shown to be dependent on a 
weak acid being used as an acidulant, rather than the low pH itself (Carmelo et al., 1997). 
Undissociated weak acid is liposoluble and when it enters the cytoplasm, with an almost neutral pH, 
the acid dissociates thereby releasing H+ ions into the cytosol. Further acidification of the cytosol 
occurs as a result of increased membrane permeability caused by the action of undissociated weak 
acid, thereby promoting passive proton influx (Carmelo et al., 1997).  
Ethanol has also been shown to activate Pma1p ATPase activity, with 6-8% ethanol (v/v) resulting in 
ATP hydrolysis in vivo that was triple the baseline level (Rosa and Sa-Correia, 1991). Interestingly, 
ethanol was observed to inhibit Pma1p activity in vitro (Rosa and Sa-Correia, 1991). Expression of 
PMA1 is upregulated by 2.5-4.5-fold following the diauxic shift as the yeast switches from 
fermentative to respiratory metabolism in response to glucose depletion (Fernandes and Sa-Correia, 
2003). The enhanced expression of PMA1 is thought to occur as a result of falling cAMP levels, via a 
stress response element (STRE) in the upstream noncoding region of PMA1. Pma1p activity is not 
only affected by the carbon source present, but also by whether a nitrogen source is in abundance. 
Pma1p is irreversibly activated during nitrogen starvation, perhaps resulting from the intracellular 
acidification that occurs under these conditions (Benito et al., 1992). 
Pma1p activity has been shown to be dependent on temperature, with activity progressively rising 
as the temperature is increased from 30oC to 39oC. This stimulation of H+ export is not dependent on 
upregulation of PMA1 expression, which actually decreases as the temperature is raised from 30oC 
to 40oC (Viegas et al., 1995). 
Hsp30p has been postulated to have a role in limiting excessive stress-induced activation of Pma1p 
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(Piper et al., 1997). Hsp30p is induced by a variety of stresses including supraoptimal temperatures, 
weak acid stress and ethanol. Hsp30p acts to diminish Pma1p activity, thereby providing a limit to 
the amount of ATP that is hydrolysed by the H+-ATPase. This mechanism helps conserve energy in 
challenging environments. 
Short-term regulation of Pma1p activity is thought to occur via phosphorylation of serine and 
threonine residues (Chang and Slayman, 1991). In particular, the inhibitory C-terminal tail has been 
proposed to be a target for phosphorylation, with Ser899 and Thr912 reported as being 
indispensable for glucose-induced Pma1p activation (Portillo et al., 1991). Mutations affecting 
Ser899 ablated the reduction of Km, while site-directed mutagenesis of Thr912 led to an absence of 
glucose-induced elevation of Vmax. Ptk2, a HAL5 protein kinase, has been implicated in the activation 
of Pma1p via the phosphorylation of Ser899. ptk2 mutants were observed to have a heightened 
tolerance to toxic cations, suggesting that these cells were depolarised as a result of reduced Pma1p 
activity (Goossens et al., 2000). Hrk1p, another HAL5 protein kinase, may have a less prominent role 
in activating Pma1p (Goossens et al., 2000). Ser911 and Thr912 were identified as residues which are 
phosphorylated in response to glucose addition, with an 11-fold rise in the abundance of Pma1p 
proteins phosphorylated at both of these sites observed following glucose administration (Lecchi et 
al., 2007). In contrast to the stimulatory phosphorylation conducted by Ptk2p, phosphorylation of 
Ser507 by the casein kinase I homologues Yck1p and Yck2p has been reported to inhibit Pma1p 
activity (Estrada et al., 1996). Downregulation of Yck1p and Yck2p activity has been observed 
following glucose addition, resulting in a reduction of Ser507 residue phosphorylation. Therefore, 
glucose-induced Pma1p activation is mediated by both the upregulation and downregulation of 
protein kinases. A link between calcium signalling and H+-ATPase activation has been proposed.  
Protonophore-induced H+-ATPase activation was reported to be dependent on phospholipase C, 
protein kinase C and extracellular Ca2+ ions. Moreover, CCCP was found to induce a phospholipase C-
mediated rise in intracellular Ca2+ ions (Pereira et al., 2008). Finally, an inhibitory association 
between acetylated tubulin and Pma1p has been described. Addition of glucose disrupts this 
interaction, thereby increasing the proton-pumping and ATP-hydrolysing activities of Pma1p 
(Campetelli et al., 2005). 
Pma1p is a highly regulated proton-exporting ATPase that influences and is affected by membrane 
potential and intracellular pH. The Rim101 pathway will later be implicated in controlling these 
variables and may therefore act via post-translational regulation of Pma1p in a similar manner to the 
modulation of Pma1p activity described above. 
1.4.3 Pma2p 
A second plasma membrane P2-type H
+-ATPase is encoded by PMA2. This protein is highly 
homologous to Pma1p, with 89% sequence identity, but is much less abundant than Pma1p 
(Schlesser et al., 1988). The H+ ion-pumping capabilities of Pma2p have been suggested by the 
observation that PMA2 disruption in pma1 mutants with reduced pumping activity resulted in 
increased growth at pH 8.3 (Schlesser et al., 1988). The enzymatic properties of Pma2p are radically 
different from those of Pma1p.  Whilst the Km of Pma2p is reduced by the introduction of glucose, 
the Vmax of the enzyme is unaffected, resulting in a very modest increase in ATPase activity (Supply et 
al., 1993). Pma1p and Pma2p also differ in their pH optimum, vanadate sensitivity and divalent 
cation requirements (Supply et al., 1993). Pma2p has been hypothesised to have a role in H+ ion 
export under conditions of glucose limitation, as the upstream region of PMA2 contains two post-
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diauxic shift (PDS) elements and four stress response elements (STRE) (Fernandes and Sa-Correia, 
2003). Moreover, strong transcriptional activation of PMA2 was observed upon entry into stationary 
phase (Fernandes and Sa-Correia, 2003). 
1.4.4 Regulation of cytosolic pH homeostasis 
Cytosolic pH homeostasis is primarily regulated via the modulation of H+ and alkali metal ion 
transporter activity. 
The V-ATPase functions in cooperation with Pma1p to regulate cytosolic pH (Martinez-Munoz and 
Kane, 2008). vma mutants exhibit an acidified cytosolic pH with respect to wild-type cells and show a 
minute rise in cytosolic pH following glucose addition to glucose-deprived cells (Martinez-Munoz and 
Kane, 2008). The interplay between V-ATPase and Pma1p in cytosolic pH regulation has been 
emphasised by the observation that vma2 and vma3 mutants were found to export protons at a 
slower rate than wild-type cells (Martinez-Munoz and Kane, 2008). Furthermore, partially purified 
plasma membrane fractions were observed to have reduced ATPase activity. The level of Pma1p in 
the plasma membrane is diminished in vma mutants, as a result of mislocalisation (Perzov et al., 
2000). Mislocalisation of Pma1p is not the sole mechanistic basis for diminished proton export from 
the cytosol in vma mutants. Wild-type cells treated with the V-ATPase inhibitor concamycin A were 
observed to have reduced proton export out of the cell, but still displayed a distribution of Pma1p 
that was typical of wild-type cells (Martinez-Munoz and Kane, 2008). 
Cytosolic alkalinisation is observed following glucose addition after deprivation, partly as a result of 
elevated Pma1p activity (Martinez-Munoz and Kane, 2008).  
Alkali metal cation transporters have been shown to have a role in the regulation of cytosolic pH 
homeostasis. Increased activation of Trk channels in a ppz1 ppz2 mutant was observed to result in an 
increased cytosolic pH and a depolarised membrane potential (Yenush et al., 2002). The elevated Trk 
activity in the double mutant is thought to result from the ablation of Trk channel 
dephosphorylation, since PPZ1 and PPZ2 encode protein phosphatases (Yenush et al., 2005). 
Deletion of NHA1, which encodes a plasma membrane K+(Na+)/H+ antiporter, was observed to result 
in cytosolic alkalinisation (Sychrova et al., 1999). Furthermore, cytosolic alkalinisation was reported 
in the kha1 mutant which lacks the Golgi membrane K+(Na+)/H+ antiporter, Kha1p (Ramirez et al., 
1998). Deletion of a gene encoding an endosomal Na+/H+ antiporter, NHX1, resulted in a decrease in 
cytosolic pH, concomitant with a heightened salt sensitivity (Brett et al., 2005b). Other alkali metal 
cation/H+ transporters that may be involved in regulating cytosolic pH homeostasis include Vnx1p, a 
vacuolar K+(Na+)/H+ antiporter, and Vcx1p, a vacuolar Ca2+/H+ antiporter (Cagnac et al., 2007;Pozos 
et al., 1996). 
Potassium homeostasis has been shown to be associated with the intracellular pH buffering capacity 
of the cell. Potassium channel knockout mutants (trk1) were observed to exhibit a reduced pH 
buffering capacity (Maresova et al., 2010). Furthermore, mutants lacking ARL1, which encodes a 
GTPase that regulates Trk channel activity via Hal4p and Hal5p kinases, were also reported to have a 
reduced buffering capacity (Maresova et al., 2010;Munson et al., 2004). Finally, the diminished 
intracellular pH buffering capacity displayed by nhx1 mutants strongly suggests a role for 
intracellular K+ ion transport in the buffering of cytosolic pH (Maresova et al., 2010). 
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1.4.5 Cytosolic pH determination 
pHluorin is a green fluorescent protein (GFP) which was recently modified to act as a pH sensor 
(Miesenbock et al., 1998). The structure of this molecule is displayed in Figure 1.11. GFP exhibits a 
bimodal excitation spectrum, with excitation maxima at 395 nm and 475 nm (see Figure 1.12a). This 
excitation spectrum remains fundamentally the same over a range of pH values. The two peaks are 
thought to result from the protonated and deprotonated forms of the Tyr 66 residue, which is a 
constituent of the chromophore’s Ser-Tyr-Gly sequence that undergoes cyclization and oxidation 
(see Figure 1.11) (Heim et al., 1994). Ratiometric pHluorin was developed via targeted mutagenesis 
of the residues that form part of the chromophore’s proton-relay network (Miesenbock et al., 1998). 
Unlike wild-type GFP, ratiometric pHluorin exhibits a reversible alteration in the ratio of emission 
intensity observed at 395 nm and 475 nm (See Figure 1.12b). The use of this modified GFP avoids the 
problems that are typically associated with staining, such as unpredicatable photobleaching, altered 
cell physiology and inconstant intracellular dye concentration (Maresova et al., 2010). 
 
Figure 1.11 Protonated and deprotonated forms of the GFP chromophore 
The 395 nm excitation peak for the GFP chromophore is thought to arise from the protonated form 
(top right). The deprotonated form (bottom left, right) has been proposed to be responsible for the 
475 nm excitation peak. This figure was adapted from (Heim et al., 1994). 
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Figure 1.12 Excitation spectra for wild-type GFP and ratiometric pHluorin 
Fluorescence excitation spectra of wild-type GFP (a) and ratiometric pHluorin (b) are shown. Wild-
type GFP displays emission spectra that are not significantly affected by changes in pH, thought to be 
a result of constraints on conversion between the protonated/deprotonated forms. Mutations 
applied in the development of ratiometric pHluorin permit looser interchange between the two 
forms, resulting in the modified GFP chromophore acting as a pH sensor whereby the ratio of 
emission intensity at 395 nm and 475 nm is pH-dependent. This figure was adapted from 
(Miesenbock et al., 1998). 
A hypothetical connection between cytosolic pH homeostasis and the Rim101 pathway is 
investigated in this thesis since a major aspect of surviving the challenge of extracellular alkaline 
stress is preventing alkalinisation of the cytosol. Furthermore, the Rim101 pathway will be shown to 
be responsive to extracellular potassium ions, which have been previously demonstrated to have an 
effect on cytosolic pH homeostasis. The literature review described above regarding the major 
transporters and regulatory mechanisms involved in cytosolic pH homeostasis will be used to inform 
hypotheses relating to how the Rim101 pathway may regulate cytosolic pH. 
 
1.5 Vacuolar pH homeostasis  
1.5.1 The vacuole 
The yeast vacuole is a membrane-bound organelle that corresponds to the mammalian lysosome. 
The vacuole has a variety of functions including the degradation of macromolecules, storage of 
metabolites and cytosolic pH and ion homeostasis (Klionsky et al., 1990). In order to carry out its 
degradative functions the vacuole cultivates an acidic intravacuolar milieu enriched in hydrolases 
such as Ape1p and Prb1p (Thumm, 2000;Sarry et al., 2007). Three main pathways have been 
delineated for how cargo is targeted to the vacuole (see Figure 1.13). Firstly, the endocytic pathway 
constitutes the vesicular dispatch of plasma membrane proteins and external entities to the vacuole 
via the early endosome, which matures into a multivesicular body compartment (Piper and 
Katzmann, 2007). Secondly, there is a subset of pathways that involve the direct transport of 
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cytoplasmic entities to the vacuole without the cargo passing through any intermediary 
compartments. These pathways are known as the cytoplasmic-to-vacuole targeting (Cvt) and 
autophagic pathways. The autophagic pathway is responsible for the targeting of cytoplasmic 
components to the vacuole under conditions of nutrient starvation in order that the resultant 
products of vacuolar degradation can be recycled in biosynthetic pathways or utilised as an energy 
source (Klionsky and Emr, 2000). The Cvt pathway, which utilises some of the components of the 
autophagic pathway, is responsible for the direct delivery of some vacuolar proteins including 
aminopeptidase I (Harding et al., 1996). Finally, there is a subset of pathways that is involved in the 
conveyance of nascent vacuolar proteins from the Golgi apparatus to the vacuole, thereby exiting 
the secretory pathway. Transport can occur via the multivesicular body in the carboxypeptidase Y 
(CPY) pathway, or can involve direct delivery from the Golgi to the vacuole in the alkaline 
phosphatase (ALP) pathway (Bowers and Stevens, 2005). 
 
Figure 1.13 Trafficking pathways to and from the vacuole 
Proteins that reside in the vacuole are transported via the ALP, CPY and CVT biosynthetic pathways. 
Proteins that are targeted for vacuolar degradation are transported by the endocytic or CPY 
pathways. Microautophagy and macrophagy are processes involving the transport of cytosolic 
material to the vacuole via vesicle formation. This figure was published in (Li and Kane, 2008). 
 
1.5.2 V-ATPase 
Vacuolar proton-translocating ATPase (V-ATPase) is a dedicated proton pump that couples transport 
of H+ ions from the cytosol into the vacuolar lumen. V-ATPase is comprised of a peripheral (V1) and 
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membrane-bound (V0) domains (see Figure 1.14). The V1 domain, as characterised by electron 
microscopy in the tobacco hornworm Manduca sexta, is organised in a barrel-like form 13.5 nm in 
diameter and 11 nm in height (Radermacher et al., 1999). This extrinsic domain contains subunits A-
H which constitute a catalytic headgroup, a hexagonal barrel of alternating A and B subunits, 
connected to theV0 domain by stalk subunits, C-H (see Figure 1.14, Table 1.6) (Gruber et al., 2000). 
The intrinsic V0 domain is composed of a, c, c’, c”, d and e subunits (Kane, 2006). 
The V-ATPase central rotor is composed of c, d, F and D subunits. There are two narrow peripheral 
links between the catalytic head-group and membrane-bound domain. One is comprised of a and H 
subunits and is directly connected to the intrinsic domain. Another links consisting of C, E and G 
subunits and is indirectly anchored to the V0 domain via an arm-like structure to the other peripheral 
connection. The contact between the two peripheral domains is thought to be via an E-H subunit 
interaction (Fethiere et al., 2005). 
 
 
Figure 1.14 V-ATPase subunit organisation in yeast 
The V-ATPase comprises an intrinsic V0 domain and a peripheral V1 domain. This figure was adapted 
from (Venzke et al., 2005) 
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V1 Subunit Gene V0 Subunit Gene 
A VMA1 A VPH1, STV1 
B VMA2 C VMA3 
C VMA5 c’ VMA11 
D VMA8 c” VMA16 
E VMA4 D VMA6 
F VMA7 E VMA9 
G VMA10   
H VMA13   
Table 1.6 Genes encoding V-ATPase subunits in S. cerevisiae 
Table was adapted from (Kane, 2006). 
 
In non-fungal eukaryotes, loss of V-ATPase activity is lethal. For example, inactivation of the gene 
encoding the V-ATPase B subunit in Drosophila melanogaster results in larval lethality (Davies et al., 
1996) and loss of the c subunit in mice leads to death shortly after implantation (Sun-Wada et al., 
2000). However, whilst fungi are viable with ablated V-ATPase activity, these mutants display a 
series of particular phenotypes. S. cerevisiae mutants lacking V-ATPase subunits are unable to grow 
at pH values greater than 6.5 (Nelson and Nelson, 1990). Yeast mutants with defective ATPases were 
also shown to be sensitive to a high extracellular calcium ion concentration (100mM CaCl2), with 
viability reducing heavily within 2h (Ohya et al., 1991). 
The V-ATPase has an important role in vacuolar fragmentation, an event which contributes to the 
regulation of vacuolar size and number. Application of V-ATPase proton-pumping activity inhibitors 
(e.g. concanamycin A) or agents that collapse the vacuolar membrane potential (e.g. FCCP) prevent 
vacuolar fragmentation from occurring in vitro (Michaillat et al., 2012). The mechanistic role of 
vacuolar membrane potential in vacuolar fission is yet to be fully characterised. One hypothesis for 
how membrane potential may relate to fragmentation is its effect on phospholipid distribution, 
which in turn may influence membrane curvature (Baars et al., 2007). Other theories include the 
effect of membrane potential on binding of peripheral membrane proteins to the membrane, 
particularly those associated with membrane fission, and the regulation of nutrient fluxes across the 
vacuolar membrane by alteration of the proton electrochemical gradient (Baars et al., 2007).  
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Vacuolar fusion has also been reported to be dependent on V-ATPase activity. Whilst this event is 
dependent on the membrane-bound portion of the V-ATPase (V0 domain), fusion does not require V-
ATPase proton-pumping activity (Peters et al., 2001). The V0 domain has been shown to act in the 
fusion event after trans-SNARE protein pairing has occurred (Bayer et al., 2003). Release of 
intravacuolar Ca2+ ions, which is important in the final stages of membrane fusion, has been shown 
to be dependent on Vph1p, perhaps via a Ca2+ channel coupled to this V0 constituent (Bayer et al., 
2003). Vacuolar fusion pores comprising V-ATPase trans-complexes have been postulated to form 
following the binding of calmodulin to V0 (Peters et al., 2001). Subunits from the two V-ATPases in 
the trans-complex may then be exchanged, resulting in positioning of the hydrophilic subunits that is 
favourable for fusion (Zimmerberg, 2001). 
The yeast V-ATPase has been found to have a role in the osmotic stress response. V-ATPase mutants 
that are deficient in proton-pumping activity (e.g. vma2) were observed to have sensitivity to salt 
stress (Li et al., 2011). Moreover, isolated vacuoles subjected to salt stress were observed to have 
higher levels of V-ATPase activity (measured by ATP hydrolysis), which is thought to enhance salt 
sequestration in the vacuole lumen by promoting Na+ influx via the Vnx1p Na+/H+ exchanger (Li et 
al., 2011). Enhancement of V-ATPase activity in response to salt stress is thought to occur via an 
increase in the number and stability of V1 subunit-V0 subunit associations. V-ATPase is thought to 
function in parallel with the high osmolarity glycerol (HOG) pathway, as vma2 mutants exhibit higher 
levels of Hog1p phosphorylation and nuclear translocation and hog1 mutants require V-ATPase 
activity in order to grow under conditions of high osmotic stress (Li et al., 2011). 
V-ATPases are not only present in the vacuole, but are also found in the membranes of the Golgi 
apparatus and endosomes. V-ATPases are responsible for the acidification of these organelles. 
1.5.3 Vacuolar hydrolases, Vnx1p and polyphosphates  
Vacuolar hydrolases have functional roles in the maturation of vacuolar proteins and protein 
turnover (Van Den Hazel et al., 1996). The vacuolar hydrolases can be categorised in two groups, the 
soluble and the membrane-bound hydrolases. The soluble vacuolar hydrolases include 
carboxypeptidase Y (CPY), aminopeptidase I (API), trehalase and proteinases A and B (PrA and PrB) 
(Klionsky et al., 1990). The hydrolases associated with the vacuolar membrane include alkaline 
phosphatase (ALP), α-mannosidase and dipeptidyl aminopeptidase B (DPAP B)(Klionsky et al., 1990). 
Many of these hydrolases are synthesised initially as inactive zymogens (e.g. proCPY), which are then 
processed, and thereby activated, by the action of PrA within the vacuole (Hemmings et al., 1981). 
proPrA is itself thought to be auto-activated by a combination of acidic pH and polyphosphate-
binding, since in vitro activation has been shown to be optimum at pH 5 in the presence of sodium 
polyphosphate (Mechler et al., 1987).  
Interestingly, PrB has been shown to be regulated by Rim101p, with upregulated levels of PRB1 
expression being observed in Δrim101 and Δrim13 mutants (Lamb and Mitchell, 2003). This PRB1 
upregulation in Δrim101 mutants has been reported to result in the enhanced degradation of certain 
proteins (e.g. Slt2p, Chs4p) during protein extraction for research purposes, leading to artefactual 
reductions in the levels of these proteins within extracts from Δrim101 mutants (Perez et al., 2010). 
PrB has been shown to have an indispensable role in sporulation that may relate to the degradation 
of proteins specifically associated with vegetative growth (Teichert et al., 1989;Zubenko et al., 1979). 
Transcriptional control of PRB1 by Rim101p may therefore be one of the mechanisms by which 
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processed Rim101p promotes sporulation (Lamb and Mitchell, 2003). 
The yeast vacuole contains very high levels of polyphosphates, indeed almost all polyphosphate is 
localised to this compartment (Indge, 1968). The hydrolysis of these polyphosphates has been 
postulated to have a role in pH buffering (Pick et al., 1990). The mechanistic basis of this role has 
been proposed to be enhanced amine-buffering and –sequestering capability through the release of 
protons that occurs with polyphosphate hydrolysis (Pick and Weiss, 1991).  
1.5.4 Vacuolar pH homeostasis 
The importance of studying vacuolar pH homeostasis regulation with regard to human health has 
been emphasised by reports linking lysosomal storage disorders to lysosomal pH dysregulation 
(Weisz, 2003). Altered lysosomal pH has been implicated in cancer, with an alkalinised 
intralysosomal pH of 6.1 observed in mouse and human fibroblasts transformed by transfection with 
the ras oncogene (Jiang et al., 1990). Furthermore, human tumour cells often exhibit an alkalinised 
cytosol, which is thought to be the result of the mistargeting of V-ATPase to the plasma membrane 
(Martinez-Zaguilan et al., 1993).  
Glucose deprivation has been shown to result in diminished V-ATPase activity, resulting in an 
elevation in vacuolar pH. Addition of glucose enhances V-ATPase proton-pumping into the vacuolar 
lumen, thereby lowering the vacuolar pH (Martinez-Munoz and Kane, 2008). Potassium ions also 
profoundly affect the vacuolar pH, with administration of KCl resulting in an alkalinisation of the 
vacuolar pH (Martinez-Munoz and Kane, 2008). Mutants with no V-ATPase activity (e.g. vma2, vma3) 
exhibit an alkalinised vacuole which responds to KCl with a similar alkalinisation to wild-type cells, 
but alkalinises further following glucose addition (Martinez-Munoz and Kane, 2008). 
V-ATPase activity has been shown to be affected by the vacuolar membrane environment. 
Application of azoles, which inhibit ergosterol biosynthesis, have been observed to result in vacuolar 
alkalinisation and diminishment of V-ATPase activity (Zhang and Rao, 2012). Further evidence for 
membrane composition affecting V-ATPase function is provided by membrane constituents such as 
sphingolipids and phospholipids having an integral role in V-ATPase activity (Zhang and Rao, 2012). 
Extracellular pH has a profound effect on V-ATPase activity via changes in the rate and stability of V-
ATPase assembly (Padilla-Lopez and Pearce, 2006;Diakov and Kane, 2010). Association of V1 subunits 
with those of V0 is enhanced at high extracellular pH. Indeed, V-ATPase disassembly in response to 
glucose deprivation is inhibited in cells grown at alkaline pH (Diakov and Kane, 2010). Alkaline stress 
response pathways have been shown to function in regulating V-ATPase dissociation in response to 
glucose deprivation. At pH 7, the snf1 mutant exhibited an alkalinised vacuole independent of 
extracellular glucose concentration (Diakov and Kane, 2010). The cnb1 mutant displayed vacuolar 
behaviour that was similar to wild type, although some dissociation of the V-ATPase was seen to 
occur at pH 7 in response to glucose deprivation (Diakov and Kane, 2010). 
Nhx1p, a Na+(K+)/H+ exchanger in the late endosomal membrane, has been shown to have an 
important role in vacuolar pH regulation. nhx1 mutants cells display an acidified vacuolar pH, 
consistent with the exchanger’s postulated role in providing a “leak” pathway for H+ ions out of the 
late endosome, in order to prevent excess late endosomal/vacuolar acidification (Brett et al., 
2005b). Gyp6p, a Rab GTPase-activating protein has been proposed to be a negative regulator of 
Nhx1p, partly on the basis of its observed physical interaction with Nhx1p and the alkalinised 
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vacuolar pH exhibited by the gyp6 mutant (Brett et al., 2005b). Deletion of YPT6 or YPT7, which 
encode Rab GTPases, results in an acidified vacuolar pH, perhaps as a result of effectively increasing 
the level of free Gyp6p (Brett et al., 2005b). 
Btn1p, a homologue of the human protein associated with Batten disease, CLN3, plays a significant 
but uncharacterised role in vacuolar pH regulation (Pearce et al., 1999). Btn1 mutants have been 
reported to have an acidified vacuolar pH with respect to wild-type cells (Pearce et al., 1999). In an 
alkaline environment, btn1 cells exhibit reduced V-ATPase activity but levels of proton influx into the 
vacuole that is similar to wild-type (Padilla-Lopez and Pearce, 2006). Btn1p has been hypothesised to 
act as either an H+-uncoupler or H+-antiporter (Padilla-Lopez and Pearce, 2006). 
A genome-wide survey of vacuolar pH was recently carried out in 4,606 single-gene deletion mutants 
at external pH 2.7, 4 and 8 (see Figure 1.15) (Brett et al., 2011). This study identified 107 mutants 
that exhibited aberrant vacuolar pH values at more than one external pH. Median vacuolar pH for 
the library of mutants at external was determined to be pH 5.27±0.13, with the majority presenting 
a vacuolar pH between pH 4.8 and 5.4, a range that is observed in wild-type cells. However, vacuolar 
pH of some mutants was observed to be as acidic as pH 4.17 and as alkaline as pH 6.88. Under acidic 
(pH 2.7) conditions, the median vacuolar pH was pH 5.28±0.14, indistinguishable from that observed 
at external pH 4. However, median vacuolar pH significantly increased to pH 5.83±0.13 under 
external alkaline conditions (pH 7). 
An intimate association between the P4-ATPase translocases (phospholipid flippases) and regulation 
of vacuolar pH homeostasis was uncovered by the genome-wide survey conducted by Brett and 
colleagues (2011). DRS2, NEO1 and DNF1-3 encode the proteins that comprise the phospholipid 
flippase family that regulate lipid asymmetry homeostasis (Pomorski et al., 2003;Natarajan et al., 
2004;Prezant et al., 1996). The drs2 mutant displayed an alkalinised vacuole (pH 5.65), and the dnf3 
mutant exhibited an acidified vacuole (pH 4.52), at external pH 4. Moreover, the dnf1 dnf2 double 
mutant presented a hyperacidic vacuole. Hyperacidic vacuoles were also observed in temperature-
sensitive NEO1 mutants (Brett et al., 2011). Overexpression of VMA5 or VMA11, which encode the 
V-ATPase C and c’ subunits, respectively, resulted in suppression of the growth defect presented by 
the temperature-sensitive NEO1 mutant (Prezant et al., 1996). This suppression may be mediated by 
a reduction in V-ATPase activity, as has been observed in the vma-like phenotypes resulting from 
overexpression of a single V-ATPase subunit (Keenan Curtis and Kane, 2002). This theory is 
consistent with the observation that application of a V-ATPase inhibitor, bafilomycin A, was able to 
suppress the temperature-sensitive NEO1 mutant growth defect and hyperacidic vacuolar pH (Brett 
et al., 2011). Distinct substrate specificities may be the basis for different flippase mutants exhibiting 
contrasting vacuolar pH aberrance. Drs2p has been shown to have a role in regulating the trafficking 
of ergosterol, with filipin-stained drs2 mutants displaying localisation of ergosterol in intracellular 
membranes rather than the plasma membrane (Muthusamy et al., 2009). Deletion of genes involved 
in ergosterol biosynthesis (e.g. ERG2), results in the presentation of an alkalinised vacuole (Brett et 
al., 2011). Consistent with the substrate-dependent theory for flippase mutant vacuolar pH defects, 
deletion of ECT1, which encodes an enzyme involved in phosphatidylethanolamine (PE) biosynthesis, 
results in a hyperacidic vacuolar pH, as seen in the flippase mutants with PE translocase activity (e.g. 
dnf1 dnf2 double mutant) (Nikawa et al., 1983;Riekhof and Voelker, 2006;Brett et al., 2011). Finally, 
a role for phospholipid flippases in vacuolar pH regulation has been further emphasised by the 
observed alkalinised vacuoles in mutants with a deletion of YPK1. YPK1 encodes a kinase that 
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negatively regulates of Dnf1/2p phospholipid translocase activity by phosphorylating, and thereby 
downregulating, a positive regulator of this activity (Roelants et al., 2010). 
Mutants with deletions of genes encoding components of the sterol biosynthetic pathways have 
been observed to have alkalinised vacuoles (e.g. erg6 mutant was seen to have a vacuolar pH of 6.07 
at external pH 2.7) (Brett et al., 2011;Piper et al., 1998). These phenotypes are thought to arise from 
the important role ergosterol has been shown to have in V-ATPase activity. erg24 mutants exhibited 
a diminished rate of H+ pumping and ATPase hydrolysis activities conducted by the V-ATPase, 
resulting in a hyperbasic vacuole (Zhang et al., 2010). Sterol extraction from cellular membranes by 
application of methyl-beta-cyclodextrin or inhibition of ergosterol biosynthesis by administration of 
fluconazole similarly reduced these V-ATPase activities (Zhang et al., 2010). This ergosterol-mediated 
regulation of V-ATPase activity may occur through modulation of the free energy of activation, 
perhaps via control of protein tension, as has been postulated for the cholesterol-mediated 
regulation of shark Na+/K+ ATPase (Cornelius, 2001). Deletion of STE20, which encodes a p21-
activated kinase that physically interacts with Erg4p and inhibits sterol biosynthesis, results in 
elevated levels of sterol synthesis and hyperacidic vacuoles (vacuolar pH values of 4.75 and 4.81 at 
external pH 2.7 and 4, respectively) (Lin et al., 2009;Brett et al., 2011). 
A connection has been found between weak acid and base transporters and vacuolar pH regulation. 
A mutant with MEP3 deleted, which encodes a low affinity plasma membrane ammonium permease 
(Km of 1.4-2.1mM), displays a hyperacidic vacuole at external pH 4 (vacuolar pH 4.69) (Marini et al., 
1997;Brett et al., 2011). Pdr12p is an ATP-binding cassette (ABC) transporter that has been shown to 
be capable of exporting weak organic acids (e.g. benzoic acid) across the plasma membrane (Piper et 
al., 1998). pdr12 mutants are sensitive to weak acid stress and present hyperacidic vacuoles at 
external pH 2.7 (vacuolar pH 4.64) and pH 4 (vacuolar pH 4.62) (Brett et al., 2011;Piper et al., 1998). 
Therefore weak base uptake and weak acid efflux processes have been seen to have profound 
effects on vacuolar pH. 
Of the single-gene deletion mutants identified as having vacuolar pH defects in the aforementioned 
survey 11% had genes deleted that were associated with vesicle trafficking. Aberrant retrograde or 
anterograde vesicle trafficking mutants displayed alkalinised or acidified vacuoles, respectively (Brett 
et al., 2011). These mutant phenotypes are thought to arise, at least partly, from the mistargeting of 
components that directly influence vacuolar pH. Deletion of VPS5, which encodes a component of 
the retromer membrane coat complex, results in the ablation of Mg2+/H+ antiporter retrieval from 
the prevacuolar compartment to the trans-Golgi network, resulting in mislocalisation of the 
antiporter in the vacuolar membrane (Borrelly et al., 2001). The vps5 mutant, and other retromer 
complex mutants, displayed a heightened accumulation of Mg2+ in the vacuole concomitant with 
alkalinised vacuolar pH (Borrelly et al., 2001;Brett et al., 2011). 
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Figure 1.15 Venn diagrams showing distribution of vacuolar pH outliers from single-gene deletion 
mutant survey 
Venn diagrams showing the distribution of outliers identified under acidic (pH 2.7), alkaline (pH 7) 
and control conditions (pH 4.0). 20% of the mutants were found to display either hyperacidic 
vacuoles (red, n = 77) or alkaline vacuoles (blue, n = 27) in at least two growth conditions with 
different pH. This figure was adapted from (Brett et al., 2011). 
 
 
1.5.5  Vacuolar pH determination 
The esterified BCECF precursor, BCECF-AM ester, is a fluorescein precursor that is localised to the 
yeast vacuole (Plant et al., 1999). Within the vacuole, hydrolases are thought to cleave the AM ester 
moiety and thereby release the active BCECF pH-sensitive dye. The active form of BCECF, unlike the 
precursor, cannot traverse membranes and consequently the BCECF is trapped within the vacuole. 
CCCP, a protonophore, is included in the calibration buffers in order to promote free transfer of 
protons across cellular membranes. 2-deoxy-D-glucose is added in order to inhibit metabolic 
processes and so prevent the intracellular pH being affected by the activity of ion transporters. pH 
values are equilibrated across membranes by the inclusion of a weak base, ammonium acetate. 
 
A hypothetical connection between vacuolar pH homeostasis and the Rim101 pathway is 
investigated in this thesis since there is an intimate association between the alkaline stress response 
and vacuolar pH homeostasis. Furthermore, lipid asymmetry homeostasis, a process in which the 
Rim101 pathway has been shown to be involved, appears to have a major impact on vacuolar pH 
homeostasis. Hypotheses regarding how the Rim101 pathway may impact on the regulation of 
vacuolar pH will be informed by the current knowledge regarding the players and regulatory 
mechanisms involved in the control of vacuolar pH, as outlined above. 
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1.6 K+ homeostasis 
1.6.1 Role of K+ in the yeast cell 
K+ ions have several important roles in the yeast cell including supporting a steady membrane 
potential across the plasma membrane, modulating cell volume, regulating intracellular pH, protein 
synthesis and enzyme activation (Arino et al., 2010). Evidence for a prominent role for K+ ions in cell 
volume regulation arises from the observed dramatic reduction in cell volume upon K+ starvation, as 
a result of net K+ efflux (Navarrete et al., 2010). K+ ions also appear to have a role in protein 
synthesis, since the mechanism by which amphotericin B inhibits protein synthesis has been shown 
to involve depletion of cytosolic K+ ions (Alonso et al., 1979). A similar function in promoting protein 
synthesis has been described for K+ ions in plants and bacteria (Cocucci et al., 1986;Lubin and Ennis, 
1964). 
1.6.2 K+ transport 
Potassium ion uptake into the yeast cell is primarily mediated by Trk1p and Trk2p channels (see 
Figure 1.16). Potassium ion efflux across the plasma membrane is conducted by an alkali metal 
cation-H+ ATPase (Ena1p), alkali metal cation/H+ antiporter (Nha1p) and a potassium-specific 
voltage-gated channel (Tok1p). 
1.6.2.1 Trk channels 
Trk1p is the major high-affinity K+ ion transporter in yeast. TRK1 encodes an 180kDa integral 
membrane protein with 12 predicted membrane-spanning segments that is localised to the lipid raft 
domains of the plasma membrane (Gaber et al., 1988;Yenush et al., 2005). Trk1p has been 
postulated to have a tetra-M1PM2 structure in which an alpha-helix (P) connects two hydrophobic 
segements (M) (Haro and Rodriguez-Navarro, 2002). trk1 mutants exhibit heightened potassium 
requirements and impaired Rb+ ion uptake (Gaber et al., 1988). TRK2 encodes a 101kDa integral 
membrane protein, which also is thought to have 12 transmembrane segments. Trk2p is 55% 
identical to Trk1p, with stronger homology observed in the four MPM units (70-90%) (Ko and Gaber, 
1991). trk1 trk2 mutants have been reported to require 10-fold higher K+ ion concentrations in order 
to grow normally, in comparison with trk1 mutants, as a result of impaired K+ uptake (Ko et al., 
1990). Whilst the primary role of Trk1p and Trk2p is K+ ion transport, both channels have been 
shown via patch-clamping experiments to have a secondary function governing Cl- ion efflux (Kuroda 
et al., 2004). 
The current paradigm regarding how Trk1p and Trk2p function in K+ ion uptake is that Trk1p is 
responsible for the vast majority of K+ ion influx (see Figure 1.16). The affinity of the Trk1p 
transporter for K+ is regulated in response to environmental conditions. Thus, under conditions of K+ 
ion abundance, Trk1p exhibits low affinity K+ transport, whereas high-affinity transport activity is 
observed under conditions of K+ ion starvation (Arino et al., 2010). Trk2p is thought to be a weakly 
expressed moderate or high affinity K+ transporter, as shown by the presence of moderate-affinity K+ 
transport in trk1 cells and by the rise in this transport following TRK2  overexpression (Ramos et al., 
1994). 
Very low affinity Trk channel-independent K+ uptake has been observed in trk1 trk2 mutants. This K+ 
influx has been postulated to occur through a channel which is yet to be identified (referred to as 
non-specific cation channel 1, NSC1) (Bihler et al., 1998). Entry of toxic Li+ ions via this channel is 
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thought to be the basis for Li+ ion sensitivity in trk1 trk2 mutants (Bihler et al., 2002). NSC1-mediated 
entry of NH4
+ ions in the trk1 trk2 mutant is thought to lead to the displacement of intracellular K+ 
ions resulting in the growth inhibition observed in this mutant at 100mM NH4
+ (Bihler et al., 2002). A 
further transporter has been implicated in K+ ion transport, the drug-proton antiporter, Qdr2p. 
Evidence for a role for this transporter in K+ homeostasis arises from the observations that qdr2 
mutants have a lower K+ content and that Qdr2p-mediated K+ influx is Trk channel-independent 
(Vargas et al., 2007). 
Whilst TRK1 expression is downregulated during stationary growth phase, there are no reports of 
modified expression in response to cation stress (Gasch et al., 2000;Arino et al., 2010). Trk channel 
activity is primarily regulated post-transcriptionally (see Figure 1.17). 
 
 
Figure 1.16 Potassium transport in S. cerevisiae 
The primary mediators of K+ ion entry from the extracellular environment are the Trk1p and Trk2p 
channels. Efflux of K+ is conducted by a voltage-gated K+-specific channel, Tok1p, and an alkali metal 
cation-ATPase, Ena1p. Secondary active transport of K+ ions out of the cell occurs through the alkali 
metal cation/H+ antiporter, Nha1p. The plasma membrane H+-ATPase, Pma1p, generates the proton 
electrochemical gradient required for this secondary active transport. Vacuolar H+-ATPases (V-
ATPases) present in the endosomal and vacuolar membranes generate a steep H+ ion electrochemical 
gradient from the organellar lumen to the cytosol. This gradient is harnessed by alkali metal 
cation/H+ antiporters in the endosomal (Nhx1p) and vacuolar (Vcx1p and Vnx1p) membrane. 
Intraorganellar potassium transport for the mitochondrion and Golgi apparatus has been omitted. 
This schematic is based on a figure from (Arino et al., 2010). 
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Hal3p has been implicated in K+ ion homeostasis. HAL3 overexpression was observed to elevate 
intracellular K+ ion concentration, reduce the level of intracellular Na+ and Li+ ions and increase Na+ 
and Li+ tolerance (Ferrando et al., 1995). Whilst Hal3p has been shown to have a role in regulating 
ENA1 expression, its function in promoting K+ uptake appears to be independent of the plasma 
membrane Na+-ATPase, since an elevation in intracellular K+ ion concentration is observed upon 
overexpression of HAL3 in the ena1 ena2 mutant (Ferrando et al., 1995). Hal3p has been found to 
interact with the Ppz1p protein phosphatase through the use of a glutathione-S-transferase pull-
down technique (de Nadal et al., 1998). Hal3p has been proposed to be an inhibitory subunit of the 
phosphatase, which explains the complementary toxic cation sensitivity phenotypes observed in the 
overexpression and null mutants of these genes (Ferrando et al., 1995;Posas et al., 1995). 
Furthermore, purified Hal3p was shown to inhibit Ppz1p phosphatase activity in vitro (de Nadal et 
al., 1998). PPZ1 PPZ2 deletion has been postulated to derepress Trk channel activity, resulting in an 
elevated intracellular K+ ion concentration, membrane depolarisation, enhanced turgor pressure and 
cytosolic alkalinisation (Yenush et al., 2002). Trk1p, localised to lipid rafts in the plasma membrane, 
has been shown to interact with Ppz1p (Yenush et al., 2005). Trk1p phosphorylation has been 
reported to increase in ppz1 and ppz2 mutants (Yenush et al., 2005). Interestingly, Ppz1p-Hal3p has 
been proposed to be an intracellular pH sensor. The interaction between the two proteins has been 
shown to be pH-dependent, with significantly higher levels of Hal3p retained by an affinity resin 
containing Ppz1p at pH 6, than at pH 7.5 (Yenush et al., 2005). 
Sky1p is an SR protein kinase that has been proposed to have a role in the regulation of K+ ion 
homeostasis (Forment et al., 2002). SR proteins are proteins that contain a serine- and arginine-rich 
(RS) domain and are involved in the early stages of pre-mRNA splicing in metazoan cells, particularly 
with regard to the regulation of splice site selection (Fu, 1995). Whilst alternative splicing is virtually 
absent in S. cerevisiae, SR proteins have been implicated in other aspects of mRNA maturation, such 
as mRNA export, a process which may involve the SR protein Npl3p (Siebel et al., 1999;Lee et al., 
1996). SR proteins have been shown to be regulated by phosphorylation, particularly that of serine 
residues within the RS domain. Phosphorylation is thought to modify SR protein activity through 
alteration of the substrate’s interactions with other proteins, reduction of substrate binding to RNA 
and redistribution the substrate’s intranuclear localisation (Xiao and Manley, 1997;Colwill et al., 
1996). sky1 mutants were observed to have a heightened tolerance to toxic cations (spermine, 
spermidine, putrescine, sodium and lithium ions) that was not a result of altered Pma1p activity 
(Erez and Kahana, 2001).  
Sky1p activity in ion homeostasis appears to be independent of SR proteins, since mutants with 
these genes deleted (gbp2, mud2, npl3 mutants), did not exhibit increased tolerance to spermine 
(Erez and Kahana, 2001). However, it is possible that Sky1p functions in ion homeostasis through the 
phosphorylation of other SR proteins. Support for Sky1p influencing ion homeostasis via regulation 
of mRNA export arises from the observations that deletion of HMT1, an arginine methylase that is a 
crucial component of the Sky1p/Npl3p mRNA export pathway, resulted in increased Na+ and Li+ ion 
tolerance (Yun and Fu, 2000;Forment et al., 2002). Sky1p has been proposed to act, at least partially, 
through modulating Ppz1p activity by phosphorylating residues in the protein phosphatase’s 
regulatory N-terminal domain (Erez and Kahana, 2001). Other studies have favoured a mechanism 
involving Sky1p-mediated downregulation of Trk channel activity, based on the observed increased 
Rb+ ion uptake and elevated intracellular K+ ion content in the sky1 mutant (Forment et al., 2002). 
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However, whilst the sky1 ena trk1 trk2 mutant showed no increase in Na+ and Mn+ ion tolerance 
with respect to the ena trk1 trk2 mutant, an increase in tolerance to Li+, spermine, hygromycin B and 
tetramethylammonium was observed (Forment et al., 2002). Therefore, the role of Sky1p in ion 
homeostasis cannot be explained solely by its action on the Trk channels. Indeed, Nha1p, Kha1p and 
Tok1p have all been implicated in Sky1p activity in ion homeostasis. Li+ hypersensitivity in the sky1 
trk1 trk2 mutant was suppressed by NHA1 or TOK1 deletion (Erez and Kahana, 2002). Improved 
growth under low K+ conditions (1mM KCl) in the sky1 trk1 trk2 mutant was suppressed by NHA1 or 
KHA1 deletion, and further improved by TOK1 deletion (Erez and Kahana, 2002). Whilst, the elevated 
spermine sensitivity observed in SKY1 overexpression mutants was observed in an ena1-4 mutant, a 
role for the Na+-ATPase in Sky1p activity may be inferred from two seemingly conflicting reports 
(Erez and Kahana, 2001). SKY1 deletion in a trk1 trk2 background was reported to result in severely 
reduced growth at 25mM LiCl, whilst SKY1 deletion in a ena1-4 trk1 trk2 background was shown to 
dramatically increase Li+ ion tolerance at 10mM LiCl (Erez and Kahana, 2002;Forment et al., 2002). 
HAL4 and HAL5 encode partially redundant protein kinases that regulate Trk channel activity. 
Overexpression of one of these genes results in enhanced tolerance to toxic cations (Na+ and Li+) and 
null mutations of these genes leads to increased Na+ and Li+ sensitivity (Mulet et al., 1999). HAL4 or 
HAL5 overexpression leads to elevated levels of intracellular K+ and reduced intracellular Na+ and Li+ 
concentrations, as a result of Trk channel activation rather than modified Ena1p activity (Mulet et 
al., 1999). Uptake of methylammonium, a measure of membrane potential, was increased in the 
hal4 hal5 mutant, reflective of the hyperpolarised membrane potential resultant from Trk channel 
inhibition (Mulet et al., 1999). The mechanism by which Hal4/5p acts to promote Trk channel activity 
has been hypothesised to occur through stabilisation of the Trk1/2p channel in the plasma 
membrane, inhibiting endocytosis of the transporter and subsequent degradation in the vacuole 
(Perez-Valle et al., 2007). In the hal4 hal5 mutant, a Trk1p-GFP construct was observed to much less 
abundant at the plasma membrane, with significantly higher levels being localised to the vacuole 
than in wild-type cells under conditions of low potassium (Perez-Valle et al., 2007). Hal4p and Hal5p 
have also been shown to have a role in stabilising other nutrient transporters including the low-
affinity hexose permease, Hxt1p (Perez-Valle et al., 2007). 
Carbohydrate metabolism has been connected to intracellular potassium homeostasis, through the 
activities of Snf1p and Tps1p. Snf1p is a protein kinase that is phosphorylated, and thereby 
promoted to a higher activity state, in response to glucose deprivation. The snf1 mutant exhibits a 
hypersensitivity to toxic cations in glucose-rich environments, which is suppressed by HAL5 or TRK1 
overexpression (Portillo et al., 2005). Rb+ uptake was depressed in the snf1 mutant, and intracellular 
K+ ion content was reduced, consistent with a role for Snf1p in Trk1p activation (Portillo et al., 2005). 
The non-phosphorylated form of Snf1p is thought to be responsible for stimulating Trk1p activity, 
since the gene encoding the non-phosphorylatable form of Snf1p, containing a T210A mutation, was 
able to suppress the snf1 mutant’s hypersensitivity to toxic cations (Portillo et al., 2005). The 
mechanism of Snf1p-mediated Trk1p activation is thought to be via the Sip4p transcriptional 
activator (Portillo et al., 2005). The trehalose-6-phosphate synthase encoded by TPS1 has been 
shown to activate Trk channel activity in a Hal4/5- and calcineurin-independent manner (Mulet et 
al., 2004). As well as Tps1p, other members of the trehalose pathway, Pgm2p and Hxk2p have been 
shown to modify Trk channel activity, since the null mutants of the genes that encode them result in 
toxic cation sensitivity, reduced Rb+ uptake and depressed internal K+ ion concentrations (Mulet et 
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al., 2004). 
Arl1p is a Ras-family GTPase which has been proposed to regulate Trk channel activity. arl1 mutants 
exhibit hypersensitivity to toxic cations (including hygromycin B and tetramethylammonium) and 
impaired K+ uptake, as shown by an observed 30-40% reduction in Rb+ influx (Munson et al., 2004). 
Calcineurin has also been implicated in the regulation of intracellular K+ ion homeostasis. cnb1 
mutants were observed to be unable to switch K+ uptake to the NaCl-induced high affinity mode 
observed in wild-type cells, and so were unable to discriminate well between Na+ and K+ ions 
(Mendoza et al., 1994). Calcineurin has also been implicated in high affinity K+ uptake in the absence 
of NaCl stress. crz1 and cnb1 crz1 mutants were observed to have significantly increased doubling 
times under very low K+ conditions (0.7mM KCl), with no growth defects seen at slightly higher levels 
of extracellular K+ (3mM KCl) (Casado et al., 2010). A modestly diminished intracellular K+ ion 
accumulation and a significantly reduced Vmax for Rb
+ ion uptake following potassium starvation was 
also observed in the cnb1, crz1 and cnb1 crz1 mutants (Casado et al., 2010). A role for Hal5p in 
mediating calcineurin-dependent effects on K+ uptake has been suggested. HAL5 overexpression in 
the cnb1 mutant results in a partial recovery of growth in a low K+ environment. Furthermore, a 
CDRE has been located in the HAL5 promoter, at -195 to -189 (Casado et al., 2010). 
 
 
Figure 1.17 Trk channel regulation 
Trk channel activity is regulated by changes in carbohydrate metabolism, with glucose deprivation 
activating the channels through Snf1p kinase activity and the trehalose pathway promoting K+ 
uptake. The Ppz1/2p protein phosphatases inhibit Trk channel activity and are negatively regulated 
by Hal3p and positively regulated by the Sky1p kinase. Sky1p may also act to inhibit Trk channel 
activity through phosphorylation of SR proteins. Calcineurin promotes Trk1/2p activity, perhaps 
partly via Hal4/5p protein kinase activity. This schematic is based on a figure from (Arino et al., 
2010). 
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1.6.2.2 Tok1p 
Tok1p is the only plasma membrane efflux transporter dedicated specifically to K+ ion efflux in S. 
cerevisiae (Arino et al., 2010). The structure of Tok1p has been identified as comprising eight 
transmembrane domains and two pore loops (Ketchum et al., 1995). The two pore domains both 
contribute to K+ ion permeation and channel gating, but exhibit functional differences(Vergani and 
Blatt, 1999). Tok1p has been shown to be a voltage-gated channel, with membrane depolarisation 
resulting in promotion of opening of the channel (Bertl et al., 1993). Tok1p displays bursts of activity, 
with depolarisation resulting in openings of several hundred milliseconds in duration followed by 
long gaps in which the channel is closed (Bertl et al., 1993). tok1 mutants exhibit a lack of this 
voltage-dependent K+ ion outward current, and overexpression of TOK1 has been reported to 
increase this current (Zhou et al., 1995). Interestingly, the deletion of TOK1 has been shown to have 
no impact on the growth of wild-type, trk1, trk2, or trk1 trk2 cells over a range of extracellular 
potassium ion concentrations (0.1 to 100mM KCl) (Bertl et al., 2003). Furthermore, TOK1 deletion 
was not found to affect pH-dependent growth or the kinetics of Rb+ ion uptake in K+-starved cells 
(Bertl et al., 2003). tok1 mutants have been reported to be more tolerant of Cs+ ions, exhibiting 
enhanced growth at 100mM with respect to wild-type cells (Bertl et al., 2003). This is thought to be a 
result of the ablation of Cs+ ion entry through the Tok1p pore. The importance of Tok1p in potassium 
ion homeostasis has been emphasised by the discovery that it is the target of α subunit of the K1 
toxin (Ahmed et al., 1999). K1 toxin is secreted by yeast cells that carry RNA viruses that encode the 
toxin.  α subunit binding to Tok1p in the plasma membrane of uninfected yeast cells results in the 
disorderly efflux of potassium ions, but infected yeast cells are immune from the toxin’s activity as a 
result of internal toxin blocking the Tok1p channel (Sesti et al., 2001). 
Tok1p activity is not only dependent on membrane potential but is also influenced by Ca2+ ions 
which act to both activate and block the Tok1p channel. Increasing the concentration of extracellular 
Ca2+ results in Tok1p channels opening at more negative membrane potential values, however, this 
is activation is concomitant with a blockade by the Ca2+ ions that reduces the maximum K+ efflux 
current that flows through Tok1p (Bertl et al., 1993). Extracellular K+ ions have also been shown to 
block the Tok1p channel through patch-clamp experiments on Xenopus laevis oocytes which express 
S. cerevisiae TOK1 (Vergani et al., 1997). One possible mechanism for this blockage is via the binding 
of the extracellular K+ ions to a site within the Tok1p pore thereby preventing efflux of intracellular 
K+ ions. Another postulated model involves the trapping of another cationic species in the Tok1p 
pore as a result of extracellular K+ entry behind the cation. A third model proposes K+ ion binding to 
an allosteric site, separate from the pore, which results in a conformational change in Tok1p, 
thereby closing the pore (Vergani et al., 1997). A recent study has provided evidence for synergistic 
effects resulting from extracellular binding to each of the two pore loops (Johansson and Blatt, 
2006). 
Whilst the primary function of Tok1p has been described as being K+-specific efflux, influx of K+ ions 
has also been shown to occur through this channel. TOK1 overexpression in a trk1 trk2 mutant 
resulted in enhanced growth under low potassium conditions (e.g. proliferation was doubled at 
5mM K+) (Fairman et al., 1999). Moreover, the intracellular K+ ion content of the trk1 trk2 mutant 
was increased by TOK1 overexpression. trk1 trk2 cells overexpressing TOK1 cultured in 5mM KCl 
media exhibiting potassium content of 361 ± 37 nmoles K+ (mg dry weight)-1, approximately double 
that observed in trk1 trk2 cells transformed with an empty plasmid (151 ± 36 nmoles K+ (mg dry 
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weight)-1) (Fairman et al., 1999). Inward K+ currents were observed in excise membrane patches 
from X. laevis oocytes expressing S. cerevisiae TOK1 under conditions where divalent cations were 
absent from the extracellular environment (Ketchum et al., 1995). 
The Hog1p MAPK is activated by the High Osmolarity Glycerol (HOG) pathway in response to 
hyperosmotic stress (Brewster et al., 1993). Affinity chromatography was used to show that Hog1p 
interacts with the hydrophilic C-terminal domain of Tok1p (Proft and Struhl, 2004). This domain was 
observed to be phosphorylated in vitro by Hog1p purified from salt-stressed cells (Proft and Struhl, 
2004).  
1.6.2.3 Nha1p 
Nha1p is a plasma membrane transporter that has been reported to be capable of transporting K+ in 
antiport with H+. Nha1p is thought to function primarily within intracellular pH and K+ ion 
homeostasis, control of cell volume, response to osmostress and membrane potential homeostasis 
(Arino et al., 2010). Nha1p has been shown to oligomerize, as shown by the co-precipitation of 
Nha1p-FLAG and Nha1p-6xHis (Mitsui et al., 2005). Chemical cross-linking followed by 
immunoblotting revealed that Nha1p-FLAG is present as a dimer in the plasma membrane (Mitsui et 
al., 2005). Nha1p has also been shown to be targeted to lipid rafts in the plasma membrane (Mitsui 
et al., 2009). Stabilisation of Nha1p at the plasma membrane has been reported to be dependent on 
sphingolipids, implicated by the mislocalisation of Nha1p to punctate structures when sphingolipid 
biosynthesis is abolished (Mitsui et al., 2009). nha1 mutants showed virtually complete absence of K+ 
ion efflux after loading with potassium and exhibited impaired growth at high extracellular 
concentrations of KCl (Banuelos et al., 1998). Alkali metal cation tolerance at acidic pH values 
requires NHA1, whilst tolerance in alkaline environments requires ENA1-4 (Banuelos et al., 1998). 
Indeed, Nha1p-mediated cation efflux was observed to be virtually non-existent at external pH 7 
(Kinclova et al., 2001). Nha1p has a reported role in governing intracellular K+ ion content, indicated 
by a rapid reduction in intracellular K+ ion concentration following cytosolic alkalinisation (Kinclova 
et al., 2001). Nha1p has also been shown to have a role in intracellular pH homeostasis, as indicated 
by the alkalinised cytosol reported in the nha1 mutant (Brett et al., 2005b). Nha1p has been 
proposed to function in collaboration with the Trk channels (see Figure 1.16). NHA1 expression was 
found to result in enhanced proliferation in a low K+ milieu and higher affinity K+ uptake, in a Trk1p-
dependent manner (Banuelos et al., 2002). 
A connection between the cell cycle and Nha1p activity has been proposed. Evidence for such a link 
arises from the observation that NHA1 overexpression suppresses the inhibition of transition from 
G1 to S phase in conditional sit4 hal3 mutants (Simon et al., 2001). Whilst the portion of the protein 
responsible for mediating cell cycle regulation overlaps with that required for K+ efflux, the outward 
transport of K+ ions is insufficient to overcome the G1/S block in conditional sit4 hal3 mutants. This 
has been shown by the inability of heterologous expression of the Candida albicans K+/H+ antiporter, 
Cnh1p, or of the S. pombe antiporter, Sod2p, to overcome the G1/S block, despite elevating the rate 
of K+ efflux (Simon et al., 2001;Simon et al., 2003). 
NHA1 expression occurs at a stable, constitutive level, with the primary form of regulation occurring 
post-transcriptionally (see Figure 1.18) (Arino et al., 2010). During the response to hyperosmotic 
stress, Hog1p phosphorylates Thr residues on the Nha1p C-terminal tail, which results in a brief 
suppression of K+ ion efflux across the plasma membrane, thereby resulting in an elevated level of 
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cytosolic solutes (Kinclova-Zimmermannova and Sychrova, 2006). Nha1p lacking the cytosolic C-
terminal domain were incapable of being regulated by Hog1p (Kinclova-Zimmermannova and 
Sychrova, 2006). Phosphorylation of Nha1p is important for the quick reassociation of proteins with 
chromatin (e.g. transcription factors), which dissociate in the presence hyperosmotic stress (Proft 
and Struhl, 2004). 
Sap185p is a positive regulator and Sap155p is a negative modulator of Nha1p activity. SAP185 and 
SAP155 overexpression resulted in enhanced and diminished K+ efflux, respectively (Manlandro et 
al., 2005). Consistent with this result, the sap185 mutant exhibited reduced K+ efflux and the sap155 
mutant displayed elevated K+ efflux (Manlandro et al., 2005). Sap155p and Sap185p have been 
reported to interact with the protein phosphatase Sit4p, a Ser/Thr phosphatase (Luke et al., 1996). 
SIT4 expression is regulated by alkali metal cation stress and Sit4p has been shown to promote 
hyperosmotic stress-induced K+ efflux (Masuda et al., 2000). Changes to rates of K+ efflux upon 
SAP155/SAP185 overexpression or deletion have been shown to require Sit4p and Nha1p 
(Manlandro et al., 2005). 
Cos3p is a membrane protein that has been postulated to have a role in salinity adaptation via 
regulation of Nha1p activity. COS3 overexpression results in enhanced halotolerance and COS3 
deletion heightens salt sensitivity (Mitsui et al., 2004). Both of these results are dependent on NHA1 
expression. Moreover, Cos3p has been observed to interact with the C-terminal domain of Nha1p 
(specifically the C1+C2 domains), as seen from the binding of recombinant Cos3p to purified GST-
C1+C2 (Mitsui et al., 2004). 
 
Figure 1.18 Regulation of Nha1p 
Nha1p activity is enhanced by the Sit4p phosphatase, which is negatively regulated by Sap155p and 
positively regulated by Sap185p. Hog1p interacts with the C-terminal domain of Nha1p to transiently 
inhibit Na+/K+ efflux in response to salt stress. Cos3p promotes Nha1p activity through an interaction 
with the Nha1p C-terminal domain. This schematic is based on a figure from (Arino et al., 2010). 
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1.6.2.4 Ena1p 
Ena1p, like Pma1p, is a P2-type ATPase that couples ion transport to ATP hydrolysis via a 
phosphorylated aspartate intermediate (Catty et al., 1997). Ena1p has been proposed to be 
necessary for Na+ and Li+ detoxification and removal of excess intracellular K+ ions under alkaline 
conditions, since Nha1p would be unable to efficiently conduct this efflux due to the lack of a H+ 
gradient across the plasma membrane, into the cytosplasm (Benito et al., 2002). Whilst Ena1p-HA 
has been localised to the plasma membrane, overexpression of ENA1 resulted in half of the Ena1p 
protein being localised to intracellular structures, most likely the endoplasmic reticulum (Wieland et 
al., 1995;Benito et al., 1997). Sro7p has been found to have a role in localising Ena1p to the plasma 
membrane, with deletion of SRO7 resulting in the aberrant targeting of Ena1p to the vacuole 
(Wadskog et al., 2006). sro7 mutants  exhibit hypersensitivity to NaCl, with virtually no growth at 
0.7M NaCl (Larsson et al., 1998). sro7 mutants also display a much higher intracellular Na+ ion 
content, almost triple that of wild-type in media containing 1M NaCl (Larsson et al., 1998). Rsn1p has 
been postulated to have a similar role to Sro7p in the trafficking of Ena1p, and other proteins, as a 
result of RSN1 overexpression suppressing the NaCl hypersensitivity and mislocalised Ena1p 
phenotype of the sro7 mutant (Wadskog et al., 2006). vps mutants have a salt sensitivity that is 
suppressed by ENA1 overexpression, the basis of the phenotype has been suggested to be related to 
delayed accumulation of Ena1p in the plasma membrane in response to salt stress (as seen in vps20 
mutants, for example) (Logg et al., 2008). 
Ena1p was initially shown to mediate Na+ and Li+ ion efflux, indicated by the ena1 ena2 mutant 
exhibiting a high level of Na+ and Li+ ion intracellular retention following transfer to Na+- and Li+-free 
buffers after loading with these ions (Haro et al., 1991). Furthermore, heterologous expression of 
ENA1 in an S. pombe mutant without SOD2, a gene that encodes a Na+/H+ antiporter, resulted in 
resumption of Na+ efflux and heightened Na+ tolerance (Banuelos et al., 1995). Consistent with ENA1 
encoding an active transporter rather than an antiporter, the observed efflux in this ENA1-
transformed S. pombe mutant was independent of Na+ and H+ concentration gradients across the 
plasma membrane (Banuelos et al., 1995). Further evidence for Ena1p being involved in alkali metal 
cation efflux arises from the observation that ena mutants are hypersensitive to high pH and to Na+- 
and Li+-rich environments (Garciadeblas et al., 1993;Haro et al., 1991). Ena1p was also implicated in 
K+ efflux, since the alkaline sensitivity of the ena1 ena2 mutant was observed to be dependent on 
extracellular K+ ion concentration, with a low K+ milieu (15mM K+) resulting in tolerance of alkalinity 
up to pH 8.4 and a K+-rich environment leading to toleration of a maximum pH value of 7.2 (Haro et 
al., 1991).  
Tandemly repeated ENA genes form a cluster on chromosome IV (Martinez et al., 1991). Two 
virtually identical genes located in tandem, ENA1 and ENA2, were first reported in the DBY746 strain 
(Haro et al., 1991). DBY746 was later characterised to contain four closely-related ENA genes in 
tandem (Garciadeblas et al., 1993). Whilst Ena2p was found to differ in only 13 amino acids from 
Ena1p, ENA2 was seen to be expressed at a much lower level than ENA1 and to not be upregulated 
in response to salt stress (Garciadeblas et al., 1993). The differential expression levels of the two 
genes is thought to be the basis for the contrasting effects on Li+ efflux and tolerance, with ENA2 
having much less significant impact than ENA1 expression on either property (Garciadeblas et al., 
1993). However, in contrast to this reported differential expression of ENA genes, another report 
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found under normal growth conditions, the BY4741 contained similar levels of Ena1p, Ena2p and 
Ena5p (688, 639 and 606 proteins per cell, respectively) (Ghaemmaghami et al., 2003). These 
conflicting results can be attributed to differences between the DBY746 and BY4741 strains, or 
between the conditions used or a combination of the two variations.  Different strains of S. 
cerevisiae were reported to contain varying numbers of tandem repeats in the ENA gene cluster. 
Strains were found that contain one (e.g. ∑1278b), four (e.g. DBY746, W303-1A) and five repeats 
(e.g. A364A, S288C, D273-10B) (Wieland et al., 1995;Garciadeblas et al., 1993;Rodriguez-Navarro et 
al., 1994). In contrast to the tandem repeats that are characteristic of the majority of S. cerevisiae 
strains, most related yeast species were observed to contain only a single ENA gene copy (e.g. S. 
chevalieri and S. norbensis) (Wieland et al., 1995). The ENA gene cluster in the CEN.PK family of 
strains was found to contain one atypical ENA gene, ENA6, which showed significant differences to 
other ENA gene sequences (Daran-Lapujade et al., 2003;Daran-Lapujade et al., 2009). A diminished 
alkali metal cation pumping capability resulting from the divergent Ena6p sequence is thought to 
result in the Na+ hypersensitivity exhibited by this strain (Daran-Lapujade et al., 2009;Garay-Arroyo 
et al., 2004). 
ENA1 expression is upregulated in response to Na+, Li+ or alkaline stress (Garciadeblas et al., 1993). 
Whilst most of the reported mechanisms for Ena1p regulation relate to transcriptional control (see 
Figure 1.19), post-translational regulation has also been reported, with calmodulin-deficient cells 
exhibiting a heightened salt sensitivity that was dependent on the presence of ENA1 but 
independent of CNB1 and the ENA1 promoter (Wieland et al., 1995). 
ENA1 expression has been shown to be regulated in response to nutrient levels in the environment. 
Transcriptional induction of ENA1 was observed on incubation in galactose, with a level of 
expression observed to be almost an order of magnitude higher than in a glucose-based 
environment (Alepuz et al., 1997). This carbon source-mediated regulation was found to be Snf1p-
dependent but Hog1p- and calcineurin-independent, since derepression of ENA1 expression was 
absent in the snf1 mutant, but present in hog1 and cnb1 mutants (Alepuz et al., 1997). A Mig1p-
binding motif has been found in the ENA1 promoter between -533 and -544 (Proft and Serrano, 
1999). The Mig1/2p-Ssn6p-Tup1p complex has been shown to be integral to glucose-mediated 
repression at this site, with mig1 mig2, ssn6 and tup1 mutants exhibiting an absence of such 
repression (Proft and Serrano, 1999). Snf1p has been shown to be activated in response to glucose 
starvation or high NaCl via the phosphorylation of Thr-210 in its activation loop (McCartney and 
Schmidt, 2001). Snf1p-GFP has been observed to accumulate in the nucleus as a result of being 
shifted to a nonfermentable carbon source, but not in response to salinity (Hong and Carlson, 
2007;Vincent et al., 2001). Snf1p has been shown to interact with Mig1p via the two-hybrid system 
and mutation of the putative Snf1p binding sites on the Mig1p protein results in an ablation of 
Mig1p phosphorylation induced by glucose starvation (Treitel et al., 1998). Phosphorylation of Mig1p 
results in its nuclear export, thereby preventing the recruitment of Ssn6p-Tup1p to promoters 
containing Mig1p-binding motifs (De Vit et al., 1997).  The Snf1p-mediated upregulation of ENA1 
expression is independent of Mig1p, and has been proposed to act via the inhibition of the 
transcriptional repressor Nrg1p (Ye et al., 2008). 
The target of rapamycin (TOR) pathway has been proposed to be involved in the regulation of ENA1 
expression. Application of rapamycin induced ENA1 expression, an induction that was dramatically 
reduced in TOR pathway-controlled gln3 and gln3 gat1 transcription factor mutants (Crespo et al., 
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2001). Furthermore, six GATA sites were found in the ENA1 promoter, which implicates regulation 
by the Gln3p and Gat1p GATA transcription factors (Crespo et al., 2001). Moreover, gln3 gat1 
mutants exhibit hypersensitivity to Na+ and Li+ ions and the tor1 mutant was found to grow poorly 
under conditions of salt stress (Crespo et al., 2001). Sit4p has been shown to dephosphorylate 
Gln3p, resulting in dissociation of the Ure2p –Gln3p complex and entry of the Gln3p transcription 
factor into the nucleus (Beck and Hall, 1999). However, ENA1 expression levels under conditions of 
salinity were found to be independent of Sit4p, suggesting that Gln3p could not be involved in ENA1 
regulation (Masuda et al., 2000). Indeed application of high salt stress (1M NaCl) following the 
establishment of conditions that inhibit the TOR pathway (e.g. rapamycin treatment) resulted in an 
inhibition of Gln3p nuclear accumulation (Tate and Cooper, 2007). 
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Figure 1.19 Ena1p regulation 
ENA1 expression is inhibited by the transcriptional repressors Nrg1p and Ssn6p-Tup1p (recruited by 
Sko1p or Mig1p). Rim101p and Snf1p derepress ENA1 expression through inhibition of NRG1 
expression. Snf1p also inhibits the recruitment of the Ssn6p-Tup1p complex to Mig1p. Hog1p 
promotes ENA1 expression through inhibiting the recruitment of Ssn6p-Tup1p to Sko1p. This may 
result in indirect upregulation of ENA1 expression through the derepression of the expression of 
HAL1. The protein phosphatase Ptc3p enhances ENA1 expression in a Hog1p-dependent manner. The 
TOR pathway may activate ENA1 expression via the action of the phosphatase Sit4p on the 
transcription factors Gln3p and Gat1p. Calcineurin dephosphorylates the Crz1p transcription factor, 
thereby promoting its nuclear translocation and induction of ENA1 expression. Protein kinase A is 
thought to antagonise calcineurin by phosphorylating Crz1p. The Ppz1/2p phosphatases inhibit 
Ena1p activity, perhaps partly through the inhibition of calcineurin. Ppz1/2p is inhibited by Hal3p, an 
interaction which is promoted by the Ptc1p phosphatase. Two membrane phosphatases (Psr1/2p), a 
nuclear phosphoprotein (Atc1p), a protein associated with mRNA processing (Ref2p) and a 
phosphosphingolipid-specific phospholipase C (Ics1p) have each been postulated to promote ENA1 
expression. The inositol monophosphatases Imp1p and Imp2p may post-translationally activate 
Ena1p activity via the Ca2+/calmodulin pathway. This schematic is based on figures from (Arino et al., 
2010). 
 
Rim101p has been reported to regulate ENA1 expression, via the transcriptional repressor Nrg1p, 
particularly under conditions of alkaline stress. ENA1 expression was observed to be induced at pH 8 
to a lesser extent in rim101 mutants with respect to wild-type cells (Lamb et al., 2001;Serrano et al., 
2002). The reduction in ENA1 expression observed in rim101 mutants is thought to contribute to 
their observed hypersensitivity to Na+ and Li+ ions and alkalinity (Lamb et al., 2001). Enhancement of 
ENA1 expression is thought to occur via repression of the transcriptional repressor encoded by NRG1 
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(Lamb and Mitchell, 2003). Deletion of NRG1 in the rim101 mutant suppresses the strain’s 
hypersensitivity to Na+ and Li+ ions and leads to supernormal expression of ENA1, even under 
unstressed conditions (Lamb and Mitchell, 2003;Vyas et al., 2005). Two putative consensus 
sequences for Nrg1p-binding are located in the ENA1 promoter region, CCCCT (at -650) and CCCTC 
(at -725) (Park et al., 1999;Lamb and Mitchell, 2003). A fragment of the promoter -751 to -667, 
elicited an alkaline-induced upregulation of ENA1 expression, while another fragment, -681 to -565 
did not, suggesting that the CCCCT is more important than the CCCTC binding site for Nrg1p binding 
(Serrano et al., 2002). Another site has been postulated to be involved in Nrg1p-mediated regulation 
of ENA1 expression, the minimum calcineurin independent response (MCIR) sequence of the ARR2  
region located at -490 to -573 in the ENA1 promoter (Platara et al., 2006). Rim101p has been shown 
to have an important role in alkaline-induced ENA1 upregulation, but has been reported to have an 
insignificant role with regard to that induced by Na+ or Li+ stress. Deletion of RIM101 had a negligible 
effect on the enhancement of ENA1 expression at 0.4M NaCl or 0.2M LiCl (Arino et al., 2010;Platara 
et al., 2006). 
Calcineurin has been reported to be activated in response to hyperosmotic stress through the 
transient influx of Ca2+ ions into the cytosol. The increase in cytosolic Ca2+ ion concentration has 
been reported to last approximately one minute, as measured by increased aequorin luminescence 
(Matsumoto et al., 2002). These Ca2+ ions have been postulated to enter the cytosol from the 
vacuole, via the Yvc1p TRP channel, or from the cytosol, via the Cch1p-Mid1p channel (Denis and 
Cyert, 2002;Matsumoto et al., 2002). These two studies report conflicting results with regard to 
whether addition of Ca2+ ion chelators (e.g. BAPTA) to the extracellular media results in a diminished 
Ca2+ ion transient in response to hyperosmotic stress. Whilst controversy remains, it is clear that a 
yeast cell requires a fully functional Ca2+ ion transport system comprising both plasma membrane 
and vacuolar transporters in order to be capable of a hyperosmotic-stress induced cytosolic Ca2+ ion 
burst.  Deletion of genes encoding both transporters responsible for Ca2+ vacuolar sequestration 
(PMC1 and VCX1), the Ca2+ vacuolar release channel (YVC1) and plasma membrane channel (CCH1 
and MID1) result in a reduced Ca2+ transient in response to hyperosmotic stress (Denis and Cyert, 
2002;Matsumoto et al., 2002). 
Calcineurin-mediated ENA1 induction occurs via the dephosphorylation of the Crz1p transcription 
factor, resulting in promotion of its nuclear import (Stathopoulos and Cyert, 1997). Indeed, wild-type 
cells with FK506 added, CRZ1 deleted or FK506 added and CRZ1 deleted, all exhibited a ~70% 
reduction in ENA1 expression three hours after treatment with 0.9M NaCl (Mendizabal et al., 1998). 
Two CDREs have been observed in the ENA1 promoter at -813 to -821 and -719 to -727 (Mendizabal 
et al., 2001). These upstream activation sequences bind Crz1p with distinct affinities, with the latter 
site exhibiting a much higher affinity for Crz1p (Mendizabal et al., 2001). The high affinity binding 
site has been shown to be crucial for NaCl-induced activation, whereas the low affinity binding site 
appears to govern baseline expression (Mendizabal et al., 2001). 
Calcineurin has been shown to enhance ENA1 expression in response to high (0.8M NaCl) but not 
low salt conditions, as seen from the observed beta-galactosidase activity in cells containing an 
ENA1promoter-LacZ construct with CNB1 deleted or FK506 applied (Marquez and Serrano, 1996). 
This response has been shown to be sodium-specific, as KCl and sorbitol administration did not elicit 
a calcineurin-dependent ENA1 induction (Marquez and Serrano, 1996). However, the precise 
conditions under which calcineurin mediates ENA1 induction is controversial, as ENA1 expression 
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has been shown via microarray analysis to be significantly upregulated in a calcineurin- and Crz1p-
dependent manner in response to exposure to Ca2+ but not Na+ ions (Yoshimoto et al., 2002). 
Antagonism between calcineurin and protein kinase A (PKA) has been suggested, on the basis of 
suppression of the Na+ and Li+ ion sensitivity exhibited by the cnb1 mutant following overexpression 
of PDE1, which encodes a cAMP phosphodiesterase (Hirata et al., 1995). NaCl-induced ENA1 
upregulation was enhanced following PDE1 overexpression in the cnb1 mutant and reduced in a 
constitutively active PKA mutant (Hirata et al., 1995). NaCl may disinhibit ENA1 expression via an 
observed fall in intracellular cAMP levels, resulting in reduced PKA activity (Marquez and Serrano, 
1996). Finally, a proposed mechanism for PKA antagonism of calcineurin activity is via the 
phosphorylation of residues in the nuclear localisation signal of Crz1p, resulting in reduced nuclear 
import of this transcription factor (Kafadar and Cyert, 2004). 
Ppz1p and Ppz2p have been implicated in ENA1 regulation. ppz1 mutants display an enhanced 
tolerance of Na+ and Li+ ions, which is further improved by deletion of the PPZ2 gene (Posas et al., 
1995). ppz1 ppz2 mutants also exhibit a lower intracellular Li+ ion content and elevated rate of Li+ 
efflux (Posas et al., 1995). Furthermore, these double mutants display heightened levels of ENA1 
induction upon application of 200mM LiCl stress (Posas et al., 1995). The Ppz phosphatases were 
found to act, at least in part, independently of calcineurin, since deletion of the PPZ1 and PPZ2 genes 
in a cnb1 mutant results in a reduction of Na+ and Li+ ion sensitivity (Posas et al., 1995). Other work 
reported a close connection between calcineurin and the Ppz phosphatases, with the elevated salt 
tolerance of the ppz1 ppz2 mutant being found to be dependent on a CDRE in the ENA1 promoter 
(Ruiz et al., 2003). Furthermore, application of FK506 or deletion of CNB1 resulted in inhibition of the 
ENA1 upregulated expression observed in the ppz1 mutant (Ruiz et al., 2003). 
Hog1p has been shown to regulate ENA1 expression in response to salt stress (0.3M NaCl) (Marquez 
and Serrano, 1996). One mechanism by which Hog1p activation leads to ENA1 upregulation is via 
one of its effectors, Sko1p. Sko1p has been shown to act in combination with the Ssn6p-Tup1p 
complex to repress ENA1 expression by binding to an upstream repressing sequence closely related 
to mammalian cAMP response elements (URSCRE-ENA1) located -502 to -513 in the ENA1 promoter 
(Proft and Serrano, 1999). The hog1 mutant was found to be unable to derepress ENA1 expression in 
response to hyperosmotic stress (Proft and Serrano, 1999). Activated Hog1p conducts this ENA1 
derepression by phosphorylating several residues in the N-terminal region of Sko1p, thereby 
reducing the abundance of Sko1p-Ssn6p-Tup1p complex formation (Proft et al., 2001). Hog1p has 
also been shown to enhance the transcription of osmoresponsive genes through recruiting the 
Rpd3p-Sin3p histone deacetylase complex to their promoter regions (De Nadal et al., 2004). Rpd3 
and sin3 mutants were reported to be osmosensitive (1.2M NaCl or 2.4M sorbitol was used) (De 
Nadal et al., 2004). Moreover, the rpd3 mutant exhibited dramatic reductions in salt stress-induced 
upregulation in the vast majority of genes for whom this upregulation is Hog1p-dependent (De 
Nadal et al., 2004). Furthermore, His-Hog1p and GST-Rpd3p were observed to interact in vitro (De 
Nadal et al., 2004). In contrast to the prominent role played by Hog1p in hyperosmotic stress-
induced upregulation of ENA1 expression, induction of ENA1 upregulation by alkalinity was found to 
be HOG1-independent (Serrano et al., 2002). 
Regulation of ENA1 transcription has been reported to also involve lipid metabolism. ICS1 encodes a 
phosphosphingolipid-specific phospholipase C that has been implicated in promoting ENA1 
expression (Betz et al., 2002). The isc1 mutant displayed a hypersensitivity to Na+ and Li+ ions and 
  
Page 
74 
 
  
diminished ENA1 expression (Betz et al., 2002). The hypersensitivity may be explained by the 
reduced Ena1p-mediated Na+ and Li+ efflux. Indeed, greater accumulation of Na+ and Li+ ions was 
observed at 0.8M NaCl and 0.25M LiCl (Betz et al., 2002). Another study reported a potential link 
between lipid metabolism and ENA1 regulation, in which overexpression of genes encoding inositol 
monophosphatases (IMP1 and IMP2) were found to enhance Na+ and Li+ ion tolerance and diminish 
Li+ accumulation within the cell (Lopez et al., 1999). This overexpression phenotype was observed to 
be dependent on the presence of a functional ENA1 gene, but ENA1 expression was found to be 
unaltered in the overexpression mutants (Lopez et al., 1999). Therefore, a post-translational 
mechanism of regulation has been proposed, perhaps involving the calcium/calmodulin pathway, 
since elevated intracellular Ca2+ concentrations are observed in IMP1 and IMP2 overexpression 
mutants, but Na+ and Li+ tolerance is calcineurin-independent (Lopez et al., 1999). Furthermore, Ca2+ 
ion supplementation results in no significant difference in the Li+ tolerance of wild-type and IMP-
overexpressing cells (Lopez et al., 1999). 
Two type 2C Ser/Thr protein phosphatases, Ptc1p and Ptc3p, have been implicated in the regulation 
of ENA1 expression (Ruiz et al., 2006). Ptc1p has been reported to be involved in a diverse array of 
processes including the adaptation to hyperosmotic stress (through inactivation of Hog1p), tRNA 
splicing and regulation of mitochondrial inheritance timing (Warmka et al., 2001;Roeder et al., 
1998;Robinson et al., 1994). ptc1 mutants were observed to be sensitive to Li+ ions, exhibit a 
reduced capacity for Li+ ion efflux and enhanced intracellular Li+ ion accumulation (Ruiz et al., 2006). 
These mutant phenotypes are thought to be the result of reduced Ena1p activity, since ptc1 mutants 
display a diminished induction of ENA1 expression upon application of 0.2M LiCl (Ruiz et al., 2006). 
Ptc1p has been proposed to act via the Hal3-Ppz system since PTC1 deletion did not exacerbate Li+ 
ion sensitivity in the hal3 mutant and did not suppress Li+ ion tolerance in the ppz1 mutant (Ruiz et 
al., 2006). Since HAL3 overexpression in ptc1 mutants does not result in the halotolerance observed 
in wild-type cells overexpressing HAL3, Ptc1p has been postulated to act as a positive regulator of 
Hal3p inhibitory interactions with the Ppz phosphatases (Ruiz et al., 2006). Whilst PTC3 
overexpression confers enhanced Li+ tolerance in a HAL3-independent manner, the ptc3 mutant 
does not display Li+ sensitivity (Ruiz et al., 2006). Ptc3p has been proposed to upregulate ENA1 
expression in a Hog1p-dependent manner, although the effects of PTC3 overexpression on Li+ ion 
tolerance have been shown to be independent of Ptc3p catalytic activity (Ruiz et al., 2006).  
Hal1p is a polar 32kDa cytoplasmic protein that has been implicated in ion homeostasis, particularly 
with regard to the control of ENA1 expression (Gaxiola et al., 1992;Rios et al., 1997). HAL1 was 
postulated to be involved in ion homeostasis on the basis that the hal1 mutant exhibits diminished, 
and HAL1 overexpression enhanced, salt tolerance (Gaxiola et al., 1992). Moreover, HAL1 expression 
was found to be upregulated in response to administration of NaCl, KCl or sorbitol (Gaxiola et al., 
1992). ENA1 expression under unstressed conditions was found to be enhanced by HAL1 
overexpression and diminished by HAL1 deletion (Rios et al., 1997). Hal1p has been found to act in a 
calcineurin- and Hal3p-independent manner, since overexpression of HAL1 was able to suppress the 
salt sensitivity exhibited by the cnb1 and hal3 mutants (Rios et al., 1997). HAL1 expression has been 
shown to be tuned by the activity of Gcn4p (an activator) and Sko1p (a repressor) (Pascual-Ahuir et 
al., 2001). Gcn4p and Sko1p were found to both bind to the same CRE-like sequence in the HAL1 
promoter between -222 and -215 (Pascual-Ahuir et al., 2001). HAL1 induction was observed to occur 
following both hyperosmotic stress (via Hog1p-mediated inhibition of Sko1p) and amino acid 
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starvation (via Gcn4p activity) (Pascual-Ahuir et al., 2001). HAL1 expression is also influenced by 
Std1p, with salt-induced upregulation of HAL1 expression observed to be dampened in the std1 
mutant (Ganster et al., 1998). 
Psr1p and Psr2p are two membrane phosphatases that positively regulate salt-induced 
enhancement of ENA1 expression in a calcineurin-independent manner (Siniossoglou et al., 2000). 
Moreover, the psr1 psr2 double mutant exhibits salt hypersensitivity, which is thought to result from 
its diminished capacity to increase Na+ ion efflux.  
Atc1p, a nuclear phosphoprotein, has been postulated to promote ENA1 expression in a calcineurin-
independent manner, since the atc1 mutant is salt sensitive and ATC1 deletion diminishes ENA1 
expression in cnb1 mutants (Hemenway and Heitman, 1999). However, some interplay between 
calcineurin and Atc1p may exist, as Atc1p has been shown to be capable of being dephosphorylated 
by calcineurin in vitro (Hemenway and Heitman, 1999).  
Ref2p, a protein initially identified as having a role in mRNA processing, has been found to regulate 
ENA1 expression in a calcineurin-independent manner (Ferrer-Dalmau et al., 2010). The ref2 mutant 
was reported to accumulate Li+ at higher levels and export it from the cell at a slower rate than wild-
type cells (Ferrer-Dalmau et al., 2010). The importance of Ref2p in cation homeostasis was 
emphasised by the observation that ENA1 expression was found to be lower in ref2 than in cnb1 
mutants (Ferrer-Dalmau et al., 2010). 
To summarise, ENA1 expression is regulated by a diverse array of environmental factors including 
pH, osmolarity and nutrient levels. Ena1p activity is also modulated through post-translational 
modifications. 
1.6.2.5 Organellar K+ transport 
K+/H+ antiporters are present on organellar membranes in order to facilitate sequestration of K+ ions 
inside organelles and thereby regulate intraorganellar and cytosolic potassium content. 
1.6.2.5.1 Golgi apparatus 
An H+/alkali metal cation antiporters has been described for the Golgi apparatus (Kha1p). The kha1 
mutant was observed to have an intracellular K+ ion concentration and level of K+ ion efflux that was 
indistinguishable from wild-type cells (Maresova and Sychrova, 2005). The kha1 mutant exhibited a 
heightened sensitivity to hygromycin B and diminished growth in an alkaline environment (Maresova 
and Sychrova, 2005). Kha1p and Gef1p, a voltage-gated Cl- ion channel, were localised to the Golgi 
apparatus (Flis et al., 2005). Overexpression of KHA1 permitted functional replacement of Gef1p 
with rat CIC-2, a Gef1p homologue, perhaps as a result of its effect on intraorganellar pH (Flis et al., 
2005). 
1.6.2.5.2 Endosome 
NHX1 encodes an alkali metal cation/H+ antiporter, with a high degree of homology to the 
mammalian plasma membrane Na+/H+ exchangers (NHE) and plant intracellular Na+/H+ antiporters 
(SOS) (Brett et al., 2005a). Nhx1p has been found to be confined to the prevacuolar compartment 
(late endosome), shown by immunofluorescent localisation of Nhx1p-HA to perivacuolar punctate 
structures and its co-localisation with the prevacuolar compartment marker Pep12p (Bowers et al., 
2000;Nass and Rao, 1998). Nhx1p has been proposed to be able to transport Na+, Li+ or K+ ions in 
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antiport with H+ ions based on reported transport activity in mammalian and plant NHX1 
homologues, NHE7 and AtNHX1, respectively. Application of 2 µM CCCP or high external 
concentrations of Na+, Li+ or K+ ions was observed to diminish 86Rb+ ion uptake into endomembrane 
compartments of NHE7-transfected into EcR-CHO cells (Numata and Orlowski, 2001). AtNHX1 
protein was found to be capable of pH gradient-dependent Na+, K+ and Li+ transport (Venema et al., 
2002). nhx1 mutants exhibit acid stress hypersensitivity, as shown by dramatically reduced growth at 
pH 2.7 compared to wild-type cells (Brett et al., 2005b). Moreover, under these acidic conditions, 
the nhx1 mutant displayed an acidified vacuolar and cytosolic pH, which were each determined to be 
approximately 0.8-1 pH units lower than those of wild-type cells (Brett et al., 2005b).  
The role of Nhx1p in potassium homeostasis has been implicated by the observations that nhx1 
mutants are sensitive to high extracellular potassium (0.8M KCl) (Brett et al., 2005b). Furthermore, 
nhx1 mutants exhibit reduced 86Rb+ uptake and enhanced 86Rb+ efflux upon plasma membrane 
permeabilisation by CuSO4 addition (Brett et al., 2005b). Functional coupling between Nhx1p and the 
V-ATPase with regard to ion sequestration has been implicated by nhx1 and vma3 mutants 
exhibiting similar levels of reduced Li+ ion content and enhanced Li+ efflux following loading with LiCl 
(Quintero et al., 2000). Moreover, AtNHX1 was found to be able to suppress the low Li+ content and 
rapid Li+ efflux phenotypes of the nhx1 mutant, but not the vma3 mutant (Quintero et al., 2000). 
Nhx1p has been reported to have a role in osmotolerance, with the nhx1 mutant exhibiting reduced 
growth compared to wild-type cells in the presence of sorbitol-induced osmotic stress (Nass and 
Rao, 1999). Moreover, vacuolar shrinkage which is typically observed in the early stages of the 
osmotic stress response was found to be absent in nhx1 mutants (Nass and Rao, 1999). Nhx1p has 
also been shown to be involved in protein trafficking out of the prevacuolar compartment. In wild-
type cells, Carboxypeptidase Y (CPY) is bound by its receptor, Vps10p, in the Golgi and transported 
via the prevacuolar compartment to the vacuolar membrane (Marcusson et al., 1994). When CPY is 
released by Vps10p in the prevacuolar compartment, Vps10p returns to the Golgi to bind to more 
CPY (Cooper and Stevens, 1996). Both CPY and Vps10p are localised to the prevacuolar compartment 
in the nhx1 mutant, as a result of defective protein trafficking from this compartment back to the 
late Golgi and on to the vacuole (Bowers et al., 2000). 
Nhx1p is thought to be regulated by the activity of Gyp6p, a Rab-GTPase. Gyp6p has been shown to 
co-localise with Nhx1p in the prevacuolar compartment. Deletion of GYP6 appears to result in a 
derepression of Nhx1p activity, manifested as an elevated tolerance to hygromycin B, alkalinised 
vacuolar pH and diminished membrane potential (Ali et al., 2004). Overexpression of GYP6 was 
observed to increase hygromycin B sensitivity, acidify the vacuole and hyperpolarise the membrane 
potential, consistent with inhibition of Nhx1p activity (Ali et al., 2004). 
1.6.2.5.3 Vacuole 
Transport of K+ ions across the vacuolar membrane is thought to occur primarily via Vnx1p. Vnx1p 
has a high degree of homology with members of the calcium exchanger family, but instead of being 
dedicated to Ca2+ ion transport, Vnx1p mediates H+/Na+ and H+/K+ antiport (Cagnac et al., 2007). 
vnx1 mutants are sensitive to NaCl, perhaps a result of a reduced capability for sequestration of Na+ 
ions in the vacuole (Cagnac et al., 2007). Moreover, Vnx1p activity was found to depend on V-ATPase 
proton-pumping into the vacuole (Cagnac et al., 2007). Another transporter has been implicated in 
alkali metal cation/H+ antiport across the vacuolar membrane, Vcx1p. Vcx1p had initially been 
associated with Ca2+/H+ transport and was shown to be inhibited by calcineurin (Cunningham and 
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Fink, 1996). Vcx1p was a identified as having a role in H+/K+ exchange since all such exchange was 
absent in the vnx1 vcx1 mutant (Cagnac et al., 2007). Moreover, VCX1 overexpression in the nhx1 
vnx1 mutant led to dramatic increase in H+/K+ exchange across the vacuolar membrane (Cagnac et 
al., 2010). 
1.6.2.5.4 Mitochondrion 
The transporter(s) involved in K+ ion flux across the mitochondrial inner membrane are yet to be 
fully elucidated. Mdm38p, an integral membrane protein localised to the inner membrane of the 
mitochondrion has been shown to have an essential role in mitochondrial K+/H+ exchange 
(Nowikovsky et al., 2004). mdm38 mutants contain swollen mitochondria that have heightened 
levels of cations, especially K+ ions, and a depolarised membrane potential (Nowikovsky et al., 2004). 
Moreover, electroneutral K+/H+ exchange was absent in mitochondrial membrane vesicles derived 
from mdm38 mutants, as shown by fluorescent determination of pH and intramitochonrial K+ ion 
concentration (Froschauer et al., 2005). A screen for overexpressed genes that suppress the inability 
to grow on nonfermentable carbon sources of mdm38 identified a few genes that may be involved in 
mitochondrial K+/H+ exchange, including PIC2, MRS3, MRS7 and YDL183c (Zotova et al., 2010). 
Overexpression of these genes resulted in the membrane potential of the mdm38 being increased, 
particularly in the case of YDL183c and MRS7 overexpression, where near-wild-type membrane 
potentials were observed (Zotova et al., 2010). Mitochondrial K+/H+ exchange was found to be non-
existent in the mdm38 mrs7 ydl183c mutant (Zotova et al., 2010). Since all three proteins, Mdm38p, 
Mrs7p, and Ydl183p, contain only a single hydrophobic domain, they have been proposed to act as 
cofactors for a K+/H+ antiporter rather than act as transporters themselves (Zotova et al., 2010). A 
ribosome-binding domain has been recently identified in Mdm38p and has been shown to be 
important in activating the translation of mRNA transcripts encoding respiratory chain components 
(e.g. Cox1) (Lupo et al., 2011). An intriguing role for Mdm38p in coupling translation of the 
respiratory chain subunits to respiratory chain activity (extrusion of H+ ions from the mitochondrial 
matrix) has been postulated (Lupo et al., 2011). 
 
The Rim101 pathway is shown to be activated by high extracellular potassium levels in this thesis. 
The survival and proliferation of rim mutants at different extracellular potassium levels and the 
intracellular accumulation of potassium ions are also investigated in this study. In order to construct 
hypothetical models of the mechanistic bases for the phenomena observed, information regarding 
the transporters and regulatory mechanisms involved in potassium ion homeostasis, outlined above, 
will be incorporated. 
 
1.7 Membrane potential homeostasis 
1.7.1 Membrane potential function 
Membrane potential has recently been shown to have a role in maintaining plasma membrane 
protein segregation within lipid rafts. Membrane depolarisation, administered by addition of the 
protonophore FCCP or establishment of an external electric field, was observed to result in a 
reversible scattering of some proteins ordinarily segregated in membrane compartments containing 
Can1p (MCC) patches (Grossmann et al., 2007). These MCC patches are approximately 300 nm in 
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diameter and contain nutrient transporters such as the arginine/H+ symporter Can1p and the 
uracil/H+ symporter Fur4p (Grossmann et al., 2007;Malinska et al., 2003). Ergosterol has also been 
shown to be enriched in MCC patches and to egress from them following membrane depolarisation 
(Grossmann et al., 2007). Depolarised membranes were also observed to have a heightened 
resistance to detergents, which is consistent with a much earlier report which described an elevated 
resistance to Triton X-100 in nonenergised cells (Grossmann et al., 2007;Komor et al., 1979). The 
altered detergent sensitivity may be a reflection of reduced accessibility through increased disorder 
within the plasma membrane or aberrant packing as a result of the ergosterol redistribution 
(Grossmann et al., 2007). Other reports have also postulated that membrane potential has a role in 
inducing the phase separation required for lipid raft formation (Schaffer and Thiele, 2004). An 
elevation of 1.5-2oC of the phase transition temperature for a lipid bilayer as a result of an applied 
membrane potential of -70mV has also been reported (Herman et al., 2004). 
1.7.2 Regulation of membrane potential homeostasis 
Trk2p has recently been reported to have a role in the maintenance of membrane potential. The trk2 
mutant was observed to have a higher I580/I560 fluorescent emission ratio in a diS-C3(3) assay than 
wild-type cells following K+ starvation, indicative of a hyperpolarised membrane potential 
(Petrezselyova et al., 2011). Furthermore, deletion of TRK2 resulted in a more pronounced 
membrane potential hyperpolarisation in the trk1 mutant (Petrezselyova et al., 2011). The trk2 
mutant did not display hypersensitivity to toxic cations (hygromycin B, spermine or 
tetramethylammonium), but TRK2 deletion in the trk1 mutant was observed to result in an elevated 
sensitivity to these cations (Petrezselyova et al., 2011). 
K+ ion exporters have been implicated in having a prominent role in membrane potential 
homeostasis. Deletion of any gene encoding a plasma membrane K+ ion exporter resulted in a 
membrane potential depolarisation (Maresova et al., 2006). The degree of membrane depolarisation 
observed in these mutants was as follows: ena1-4 mutant < nha1 mutant < ena1-4 nha1 mutant < 
tok1 mutant < ena1-4 tok1 mutant < nha1 tok1 mutant < ena1-4 nha1 tok1 mutant (Maresova et al., 
2006). The observation that Ena proteins and Nha1p contribute to membrane potential homeostasis 
is expected as both transporters are electrogenic. Ena1p is a primary active transporter of alkali 
metal cations out of the cell and Nha1p is an alkali metal cation/H+ antiporter that has been found to 
export more than one H+ ion per alkali metal cation imported (Ohgaki et al., 2005). Overexpression 
of NHA1 has been observed to result in a membrane hyperpolarisation, presumably as a result of 
enhanced K+ ion efflux (Kinclova-Zimmermannova and Sychrova, 2006). TOK1 was seen to be able to 
partially compensate for the lack of ENA1-4 and NHA1 with regard to membrane potential 
maintenance, but both ENA1-4 and NHA1 were required to compensate for the deletion of TOK1 
(Maresova et al., 2006). TOK1 overexpression in the tok1, ena1-4 nha1 or ena1-4 nha1 tok1 mutants 
resulted in hyperpolarisation of the membrane potential from an otherwise depolarised state 
(Maresova et al., 2006). TOK1 overexpression in the W303 parental strain also resulted in a 
hyperpolarised membrane potential (Maresova et al., 2006). 
The profound importance of TOK1 with regard to membrane potential homeostasis is an unexpected 
result as there have been many reports that implicate a minor role for Tok1p in ion homeostasis. 
Deletion of TOK1 in wild-type cells or trk1, trk2 or trk1 trk2 mutants was reported to have no 
discernible impact on growth over a range of extracellular K+ ion concentrations (0.1 to 100mM K+) 
(Bertl et al., 2003). Moreover, TOK1 deletion had no impact on the growth of wild-type, trk1, trk2 or 
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trk1 trk2 strains at pH 3.1 or in the presence of toxic cations such as 500µg/ml hygromycin B, 1M Na+ 
or 100mM Li+ (Bertl et al., 2003;Maresova et al., 2006). Furthermore, the tok1 mutant appeared to 
have an unimpaired capability for K+ ion efflux and wild-type levels of Rb+ uptake (Bertl et al., 2003). 
Furthermore, upon shifting to a K+-free buffer at pH 5.5, no K+ efflux was observed in the nha1 
mutant, despite possessing a functional TOK1 gene, but substantial efflux was observed when NHA1 
was present (Kinclova et al., 2001). 
The depolarised membrane potential in the tok1 mutant reported by Maresova and colleagues, 
contrasts dramatically with another report in which the tok1 mutant exhibited a hyperpolarised 
membrane potential (Maresova et al., 2006;Pena et al., 2009). Therefore, the contribution of TOK1 
to membrane potential homeostasis is controversial. 
Whilst the kha1 mutant has been reported to be hypersensitive to hygromycin B, a toxic cationic 
antibiotic whose entry into cells increases with increasing membrane potential, Kha1p is believed to 
have no role in membrane potential homeostasis (Maresova and Sychrova, 2005;Maresova et al., 
2006;Mulet et al., 1999). KHA1 deletion resulted in no change in the membrane potential of the 
ena1-4 nha1 mutant, as measured by diS-C3(3) staining (Maresova et al., 2006). 
A recent report has described synchronous fluctuations in membrane potential beginning in the first 
acidic phase of colony development on solid media, which occurs after the initial short alkali phase 
that happens directly after yeast inoculation (Palkova et al., 2009;Palkova et al., 2002). Colony 
development consists of three serial transitions: first alkali to first acidic, first acidic to second alkali 
and second alkali to second acidic phase (Palkova et al., 2009). Oscillations in membrane potential 
during the first acidic phase lasted at least one day and diS-C3(3) assay equilibrium lambda max 
values were seen to fluctuate between 573 and 574 nm (Palkova et al., 2009). A sharp blue shift in 
equilibrium lambda max values (573-574 nm) was observed at the transition to the second alkali 
phase on day 10, indicative of a membrane potential depolarisation. This membrane depolarisation 
was swiftly followed by a rapid rise in membrane potential (equilibrium lambda max of 578 nm) and 
subsequent membrane potential fluctuations within a higher range than that seen in first acidic 
phase colonies (equilibrium lambda max range of 575.5-578 nm). The transition into the second 
alkali phase of colony growth at day 18, like that into the first acidic phase, was characterised by a 
pronounced membrane potential depolarisation (equilibrium lambda max of 573.5 nm). Membrane 
potential fluctuations then resumed with a longer periodicity and within a tighter range of 
membrane potential values than that seen in the first acidic or second alkali phases (573.5-575 nm). 
The dramatic drop and subsequent rise in membrane potential at the first acidic-second alkali and 
second alkali-second acidic transitions is thought to be a result of swift and broad changes in cell 
metabolism that occur at these boundaries (Palkova et al., 2002;Palkova et al., 2009). The export of 
NH4
+ ions, which occurs during the second alkali phase, has been postulated to govern the H+ ion-
dependent generation of a large membrane potential (Palkova et al., 2009). H+ ion export by Pma1p, 
the seemingly obvious candidate for generating this membrane potential, is surprisingly uninvolved 
in this generation. Pma1p levels, Pma1p ATPase activity and intracellular ATP are all at a significantly 
reduced level at the onset of the second alkali phase and continue to remain at a low level. 
Interestingly, the membrane potential oscillations that occur during the second acidic phase have 
been shown to be independent of H+ ions, implicating other ions in the development of membrane 
potential during this colony growth phase (Palkova et al., 2009).  
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1.7.3 Membrane potential determination 
3,3’-dipropylthiacarbonocyanine (diS-C3(3)) is a cationic lipophilic fluorescent probe that alters its 
fluorescent properties upon binding to cellular components (Pena et al., 1984;Gaskova et al., 1998). 
The structure of this probe is displayed in Figure 1.20. The bound probe exhibits a red-shifted 
wavelength of maximum emission intensity (lambda max) and elevated emission intensity compared 
to free probe (see Figure 1.21).  
The rate of accumulation of diS-C3(3) dye has been observed to depend on the status of the cell wall, 
which acts as an inactive barrier to dye diffusion into the cytosol. Entry of diS-C3(3) into protoplasts 
was reported to be rapid, with an equilibrium lambda max value being reached within 5 minutes of 
dye loading (Gaskova et al., 1998). The increased cell wall thickness apparent in cells grown in 2% 
glucose is thought to be the basis for a much slower rate of attainment of an equilibrium lambda 
max value than seen in cells grown at 0.2% glucose (Gaskova et al., 1998). 
The equilibrium level of diS-C3(3) staining has been shown to be heavily influenced by ATP-binding 
cassette (ABC) transporters. The pdr5 snq2 yor1 mutant which lacks genes encoding ABC 
transporters has been found to accumulate diS-C3(3) dye to a much greater level than wild-type 
cells, as shown by a higher equilibrium lambda max value (Gaskova et al., 2002). Deletion of PDR3, 
PDR10, PDR11, PDR15 and YCF1 resulted in no discernible change in the diS-C3(3) staining of the  
pdr5 snq2 yor1 mutant (Gaskova et al., 2002). Pdr5p and Snq2p were subsequently shown to have a 
prominent role in diS-C3(3) dye efflux, whilst Yor1p was observed to have a minimal part in 
mediating this process (Cadek et al., 2004). The activity of these ABC pumps has been found to be 
dependent on growth phase. Post-diauxic pump-overexpressing cells were found to accumulate 
more diS-C3(3) dye than cells in the exponential growth phase (Cadek et al., 2004). Another report 
described a conflicting relationship between pump activity and growth phase, with exponential cells 
exhibiting less pump activity concomitant with more dye staining than that presented by stationary 
phase cells (Gaskova et al., 2002).   
 
 
Figure 1.20 Chemical structure of diS-C3(3) 
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Figure 1.21 Emission spectra for free and bound diS-C3(3) 
Binding of probe to cellular components results in an alteration in the fluorescent properties of the 
dye. The emission wavelength at which maximum fluorescent intensity occurs is observed to increase 
as a result of binding. The fluorescent intensity of the dye also rises as a consequence of binding to 
cellular components. This figure was adapted from personal communication from D. Gaskova, 
Charles University, Prague. 
The application of the plasma membrane H+-ATPase  inhibitor DMM-11 has been used as a 
depolarising agent in diS-C3(3)-assay based studies (Gaskova et al., 1999). DMM-11 is a 
lysosomotropic dimethylaminoester that inhibits Pma1p activity with an IC50 value of 65µM at pH 6.5 
(see Figure 1.22) (Witek et al., 1997). Application of DMM-11 leads to a blue shift in lambda max 
values as a result of moderately depolarising the membrane potential without affecting ABC pump 
activity (Gaskova et al., 1999;Gaskova et al., 2002;Hendrych et al., 2009). The protonophores CCCP 
and FCCCP have also been used as depolarising agents (Gaskova et al., 1998). Addition of 
CCCP/FCCCP combined with DMM-11 was observed to result in a pronounced, but transient, 
membrane potential depolarisation (Gaskova et al., 1999). CCCP has recently been reported to 
unexpectedly activate Pma1p, resulting in membrane potential hyperpolarisation if CCCP is applied 
without a Pma1p inhibitor (Hendrych et al., 2009). The mechanism for Pma1p activation may be via 
cytosolic acidification since CCCP is a lipophilic weak acid that transports H+ ions across the plasma 
membrane (Kasianowicz et al., 1984). An analogous mechanism has been proposed for the 
activation of Pma1p in response to sorbic acid (Holyoak et al., 1996). 
 
Figure 1.22 Chemical structure of DMM-11 
The structure of a lysosomotropic dimethylaminoester with the ability to potently inhibit Pma1p 
activity is shown. This figure was adapted from (Witek et al., 1997). 
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A hypothetical functional role for the Rim101 pathway in membrane potential homeostasis is 
investigated in this study. Lipid asymmetry homeostasis has been previously shown to activate and 
be regulated by the Rim101 pathway (Ikeda et al, 2007). The authors of that work hypothesised that 
the pathway may be activated by changes in membrane charge as a result of a disruption of lipid 
asymmetry homeostasis. Furthermore, this study describes a novel activation of the Rim101 
pathway in response to application of extracellular potassium ions. Since extracellular levels of 
potassium ions have been shown to influence membrane potential, the case for a functional role for 
the Rim101 pathway in control of membrane potential is strengthened. The precise role of Rim101 
pathway is investigated using diS-C3(3) staining, proton extrusion assays and toxic cation sensitivity 
screens, as described above. The current state of knowledge regarding transporters and processes 
that are intimately associated with the regulation of membrane potential will be used to inform 
hypothetical models of the role of the Rim101 pathway within membrane potential homeostasis. 
 
1.8 Aims of the thesis 
 
The literature review above clearly shows that the Rim101 pathway is involved in a diverse array of 
cellular processes. There may be further activities to be found and some of the roles which have 
been implicated for the pathway require further elucidation. In particular, since the pathway is 
responsive to extracellular pH changes and loss of the pathway disrupts ion homeostasis, processes 
that involve the sensing of ion levels will be investigated. 
A major aim of this thesis is to identify novel stress conditions that activate the Rim101 pathway. 
This will provide a greater understanding of the nature of the potential mechanism by which the 
pathway is activated.  
In order to establish whether these novel activating conditions operate via the canonical Rim101 
pathway, Rim101p processing induced by these stressors will be characterised in various Rim101 
pathway mutants. The dynamics of alkaline-induced Rim101p processing will be characterised in this 
study for comparison with those of the activation induced by novel stress conditions. The dynamics 
of alkaline-induced Rim101 pathway activation will also be compared with those of the homologous 
Pal pathway in A. nidulans. 
The contribution of the Rim101 pathway to membrane homeostasis will be characterised in order to 
provide further insight into the role of the pathway. This characterisation will also contribute 
towards the theory that membrane potential changes result in Rim101 pathway activation. In order 
to investigate the role of the pathway in membrane potential homeostasis, the resting membrane 
potential of rim101 and rim8 mutant strains will be compared to that of the wild-type. The rim8 
mutant strain will be used to test whether the ablation of Rim101 pathway signalling results in 
indistinguishable membrane potential phenotypes from those of the rim101 mutant strain. This will 
therefore test whether the full-length form of Rim101p is inactive with respect to membrane 
potential homeostasis. The relative contribution of protons to the membrane potential of these 
mutant strains will be compared to the wild-type, in order to delineate the basis for any resting 
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membrane potential differences. This will be further examined through assessment of the rate of 
proton extrusion in these strains. In order to confirm any membrane potential phenotypes, the 
sensitivity of the rim101 and rim8 mutant strains to a diverse array of toxic cations will be assessed. 
The effect of hyperpolarising and depolarising agents on Rim101p processing will also be 
investigated in order to establish whether membrane changes induce signalling in the Rim101 
pathway. 
The role of the Rim101 pathway in intracellular pH homeostasis will be delineated in order to further 
illuminate the function of this signalling pathway. The resting cytosolic and vacuolar pH of the 
rim101 and rim8 mutant strains will be compared with the wild-type over a range of external pH 
values. Dynamic changes in cytosolic and vacuolar pH will also be investigated in response to glucose 
and potassium addition over a range of extracellular pH values. 
The function of the Rim101 pathway with respect to potassium homeostasis will also be 
characterised in order to inform a model of how the pathway is involved in regulating membrane 
potential and intracellular pH. The contribution of the pathway to potassium homeostasis will be 
investigated through quantification of the intracellular K+ ion content of the wild-type and rim101 
and rim8 mutant strains over a range of different extracellular K+ concentrations and pH values. The 
role of the pathway in potassium homeostasis will be examined further through characterisation of 
the growth of wild-type and rim mutant strains over a broad range of extracellular K+ concentrations. 
Further characterisation of the Rim101 pathway may lead to the discovery of novel targets for drug 
therapy. As described above, this pathway has a profound impact on the virulence of several fungal 
species including A. nidulans and C. albicans. A better understanding of the structure, dynamics and 
function of this pathway may facilitate the development of effective antifungal treatments. 
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2. Materials and methods 
2.1 Chemicals and reagents 
All chemicals and reagents were purchased from Sigma (UK), unless declared otherwise. 
2.2 Culture media, strains and plasmids 
2.2.1 S. cerevisiae strains and culture media 
The S. cerevisiae strains used in this study are listed in Table 2.1. 
Strains of S. cerevisiae were either grown in YPD media (2% (w/v) glucose, 2% (w/v) bacteriological 
peptone, 1% (w/v) yeast extract) or drop-out (DO) media particular to the nutritional demands of 
the specific strain  (2% (w/v) glucose, 0.67% (w/v) yeast nitrogen base (YNB, ForMediumTM UK) 
without amino acids, 0.077% DO). Cultures that were used in intracellular potassium ion assays were 
grown in DO media containing a K+-free YNB (ForMediumTM UK), referred to in this work as 
Translucent Medium.  
Media were buffered, where described as such in this report, with 50mM 
morpholinepropanesulfonic acid and 50mM morpholineethanesulfonic acid and adjusted to the 
desired pH value with HCl or NaOH, as described in Hayashi and colleagues (2001). 
Agar, 2% (w/v), was added to liquid media pre-autoclaving to produce solid media. 
S. cerevisiae cultures on solid media were incubated at 30oC. All cultures in liquid media were 
incubated at 30oC with shaking at 180 rpm. 
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Strain Parental strain Description Source 
BY4741 S288C Mata, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 Open 
Biosystems 
wxy170 SK-1 Mata, ura3, trp1, his3 Δgal80::LEU2, met4, leu2, RIM101-HA A. Mitchell1 
wxy222 SK-1 rim101::HIS3 Mata, ura3, trp1, his3 Δgal80::LEU2, met4, leu2, 
RIM101-HA 
A. Mitchell1 
wxy187 SK-1 rim8::HIS3 Mata, ura3, trp1, his3 Δgal80::LEU2, met4, leu2, 
RIM101-HA 
A. Mitchell1 
wxy188 SK-1 rim9::HIS3 Mata, ura3, trp1, his3 Δgal80::LEU2, met4, leu2, 
RIM101-HA 
A. Mitchell1 
wxy189 SK-1 rim13::HIS3 Mata, ura3, trp1, his3 Δgal80::LEU2, met4, leu2, 
RIM101-HA 
A. Mitchell1 
wxy221 SK-1 rim20::HIS3 Mata, ura3, trp1, his3 Δgal80::LEU2, met4, leu2, 
RIM101-HA 
A. Mitchell1 
wxy190 SK-1 rim21::HIS3 Mata, ura3, trp1, his3 Δgal80::LEU2, met4, leu2, 
RIM101-HA 
A. Mitchell1 
LY139 W303-1A ppz1::URA3 ppz2::TRP1 Mata ade2-1 can1-100 his3-11,15 
leu2-3,112 trp1-1 ura3-1 
L. Yenush2 
BYT12 BY4741 trk1Δ::loxP trk2Δ::loxP Mata, his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0 
H. Sychrová3 
BYT45 BY4741 nha1Δ::loxP ena1-5Δ::loxP Mata, his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0 
H. Sychrová3 
BYT1-5 BY4741 trk1Δ::loxP trk2Δ::loxP nha1Δ::loxP ena1-5Δ::loxP tok1Δ::loxP 
Mata, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 
H. Sychrová3 
Table 2.1 Strains of Saccharomyces cerevisiae used in this study 
1. Columbia University, USA (Li and Mitchell, 1997). 2. Universitat Politècnica de Valencia (Yenush et 
al., 2002). 3. Institute of Physiology Academy of Sciences of the Czech Republic v.v.i., Czech Republic 
(Petrezselyova et al., 2010;Navarrete et al., 2010). 
 
2.2.2 E. coli strains and culture media 
Escherichia coli strains were grown in Luria Betani (LB) media (1% (w/v) NaCl, 1% (w/v) bacto-
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tryptone, 0.5% (w/v) yeast extract). 
The E. coli strain used in transformation procedures was XL10-Gold (Stratagene). The genotype of 
this strain is Tetr Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 recA1 gyrA96 relA1 lac 
Hte [F´ proAB lacIqZΔM15 Tn10 (Tetr) Amy Camr]. 
2.2.3 Plasmids used 
The pHl-U plasmid used in this study for intracellular pH measurements was kindly provided by Hana 
Sychrová (Institute of Physiology Academy of Sciences of the Czech Republic v.v.i., Czech Republic) 
(Maresova et al, 2010). This plasmid consists of the pVT100U vector containing the pHluorin gene 
under the control of a strong constitutive ADH promoter. The yeast and bacterial selection markers 
for this plasmid are provided by an incorporated URA3 and AmpR genes, respectively. 
 
2.3 Molecular biological techniques 
2.3.1 Transformation of yeast cells 
A modified version of a previously published method by Ito et al., 1983 was used. Briefly, salmon 
sperm DNA was boiled for 5 min and chilled on ice. The denatured sperm DNA acts as a DNA carrier 
to promote high efficiency transformation. One microlitre (containing ~1µg) of the plasmid of 
interest was added to 500µl transformation mix containing 0.5mg sperm DNA, 0.1M lithium acetate, 
10mM Tris-HCl (pH 7.5) and 0.0025mM EDTA (pH8). A yeast colony was then added to the 
transformation mix, agitated vigorously at top speed on a vortex, and incubated at room 
temperature for 16-20 hours. The transformation mix was then transferred to solid selective media 
and incubated at 30oC for 2-5 days. 
2.3.2 Transformation of bacterial cells 
Transformation was carried out by heat shock as described in (Mandel and Higa, 1970). 
Approximately 50ng plasmid DNA was added to 50µl competent E. coli cells. The transformation mix 
was incubated on ice for 20 min, and then subjected to a heat shock at 42oC for 45s, followed by 
2min on ice. Then 950µl LB was added and the mix was incubated at 37oC for 1h, with shaking at 
180rpm. Finally 100µl of the mix was spread on LB plates containing 100µg/ml Ampicillin. The plates 
were then incubated at 37oC. Colonies were picked after 12-16h. 
2.3.3 Plasmid DNA extraction 
A QIAprep Spin Miniprep Kit (Qiagen, UK) was used to extract plasmids from LB-Ampicillin E. coli 
cultures, according to the manufacturer’s instructions. 
2.3.4 Protein extraction 
Cells were pelleted (3,000 rpm, 3 min) from 5ml liquid culture 30 minutes after the application of a 
test condition. Cells were washed in 1ml ddH2O and resuspended in 50l lysis buffer (5ml fresh stock 
solution is made: 0.1M NaCl, 0.1x PBS, 2mM PMSF, 1 mini EDTA-free protease inhibitor tablet 
(Roche, UK)), glass beads (0.2µM diameter) were then added to the meniscus. Samples were lysed 
by vortexing four times for 30 seconds at top speed, at 4oC, with a minute on ice between each 
vortex. After lysis of the cells, a further 100 l of lysis buffer was added to each of the samples, and 
the samples were vortexed for 10 seconds, at 4oC. Samples were allowed to settle for 5 min on ice 
before the supernatant (protein lysate) was transferred to a fresh microcentrifuge tube for further 
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analysis. 
2.3.5 Protein quantification 
Protein concentration in protein lysates was determined using a Bicinchoninic Acid Kit for Protein 
Determination (Sigma-Aldrich, UK) as per manufacturer’s instructions. 
2.3.6 SDS-PAGE electrophoresis 
SDS-PAGE gels were cast with a 7.5% resolving gel (7.5% (w/v) acrylamide, 0.39M Tris HCl pH 7.8, 
0.10% (v/v) SDS, 0.05% (w/v) ammonium persulphate, 0.08% (v/v) TEMED). The resolving gel was 
slowly added to a cast (Invitrogen) followed by a layer of ddH2O. The resolving gel was left to set for 
45 minutes. The layer of ddH2O was then carefully removed using filter paper, and the stacking gel 
(5% (w/v) acrylamide, 0.12M Tris-HCl pH6.8, 0.10% (v/v) SDS, 0.05% (w/v) ammonium persulphate, 
0.08% (v/v) TEMED) was slowly added. The comb (Invitrogen) was inserted into the SDS-PAGE gel 
and the gel was allowed to set for 45 min. 
The SDS-PAGE gel was set up in the XCell-SureLock Mini Cell electrophoresis tank (Invitrogen), 
according to manufacturer’s instructions.  
The protein sample was mixed with 5X loading buffer (50mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 
1% -Mercaptoethanol, 12.5mM EDTA, 0.02% Bromophenol blue) and heated at 100oC for 5 min and 
then pelleted. Protein samples (~50µg) were loaded onto the SDS-PAGE gel and the gel was run at 
150V in SDS-PAGE running buffer (25mM Tris HCl, 192 mM glycine, 0.1% (v/v) SDS) until the protein 
bands reached the bottom of the gel. The protein marker used was ColourBurst electrophoretic 
marker (Sigma-Aldrich, USA), which has a range of 8-220kDa. 
2.3.7 Western blot 
The Western blotting method employed was adapted from (Towbin et al., 1979). SDS-PAGE gels 
were transferred to Hybond-N membrane (Amersham), in transfer buffer (25 mM Tris base, 192 mM 
glycine, 20% (v/v) methanol) according to manufacturer’s instructions using Invitrogen’s XCell-
SureLock Mini Cell XII Blot module.  
After transfer, membranes were rinsed in ddH2O. 0.1% (w/v) Ponceau S solution in 5% acetic acid 
(Sigma-Aldrich, UK) was added to the membrane and it was left for 5 min with gentle shaking 
(25rpm). The membrane was destained with ddH2O and the membrane inspected for protein bands. 
The membrane was then fully destained with 0.1 M NaOH and washed twice for 2 min with 1X PBS 
(137 mM NaCl, 1.47 mM KH2PO4, 2.68 mM KCl, 8.1 mM Na2HPO4.12H2O). 
The membrane was blocked for 1 hour at room temperature, or overnight at 4oC, in 5% (w/v) milk 
(Marvel) in PBS. The blocking solution was poured off and the membrane was rinsed with PBS-
Tween (0.05% (v/v) tween-20 in PBS solution). The membrane was washed with PBS-Tween once for 
10 min and twice for 5 min, before being incubated with 1:2000 primary monoclonal peroxidase-
conjugated antibody (clone HA7, produced in mouse, Sigma, UK) in 2% (w/v) milk (Marvel) in PBS for 
1 hour at room temperature, or overnight at 4oC. The solution was poured off and the membrane 
rinsed with PBS-Tween before being washed three times for 15 min in PBS-Tween and once for 15 
min in PBS. 
Throughout all incubations and washes the membrane was continuously agitated using a rocker. 
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Membranes were developed with 20X LumiGLO Reagent (Cell Signalling Technology, USA) and 20X 
Peroxide (Cell Signalling Technology, USA). Membranes were incubated in these reagents in a 1:1 
ratio for 1 min before being exposed onto Kodak X-Omat AR Scientific Imaging Film using an AGFA 
Curix 60 developer.  
2.3.8 Fluorescent Western blot and densitometry 
Western blotting was carried out as described above, but the protein was transferred from the SDS-
PAGE gel onto an Immobilon-FL PVDF membrane (Millipore, UK). Monoclonal mouse anti-HA-FITC 
antibodies (Militenyi Biotec GmbH, Germany) were used at a 1:2000 dilution. The membrane was 
then scanned in a fluorescent image analyser (Fujifilm FLA-5000). Densitometry analysis was carried 
out on the images using AIDA Image Analyzer v4.26.   
2.3.9 diS-C3(3) assay 
Cell cultures (5ml volume) were pelleted (3000 rpm, 3 min) after the desired cell density (measured 
by OD578 value) had been achieved. Cells were washed twice with PBS and resuspended in 10 mM 
citrate-phosphate buffer (pH 6) to a final OD578 value of 0.10. Then 3 ml of cell suspension was 
transferred to a PMMA cuvette (Kartell, Italy). diS-C3(3) dye (Invitrogen) was loaded to a final 
concentration of 20 nM. Fluorescence emission spectra in the 560-90 nm range were recorded every 
few minutes, following excitation at 531 nm, using a FluoroMax-3 spectrofluorometer (Horiba Jobin 
Yvon, USA). The scans were conducted with 1.0 nm increments in emission wavelength, 0.3 s 
integration time and both sets of slits fixed at 10 nm. The wavelength at which maxim emission was 
observed was recorded for each spectral scan (λmax). These spectral scans were conducted over 25-
40 minutes until equilibrium was reached, as seen from a steady λmax value. Once equilibrium was 
reached, depolarising cocktails were applied. “CD” cocktail comprised 5 µM CCCP and 10 µM DM-11 
(final concentrations), “CP” cocktail was composed of 5 µM CCCP and 10 µM PPG-14 (final 
concentrations). Spectral scans were conducted until new equilibrium values for λmax were reached. 
Samples were occasionally inverted in order to prevent cellular sedimentation during the procedure. 
Equilibrium λmax values were precisely determined by fitting a one-phase association curve (for the 
equilibrium λmax prior to depolarisation cocktail administration) or a one-phase decay curve (for the 
final equilibrium λmax after depolarisation cocktail administration) and determining the plateau value 
± standard error. 
2.3.10 Phenotypic screens 
Phenotypic screening was conducted using exponential cell cultures that were diluted to a 
concentration of ~1x106 cells/ml. The cell cultures were then serially diluted 5-fold seven times (cell 
concentrations of approximately 2x105, 4x104, 8000, 1600, 320, 64, 13 cells/ml). 3µl of each of the 
cell culture dilutions were transferred using a multichannel pipette to solid media plates containing 
different supplements (outlined in Table 2.2). Plates were incubated in a static 30oC incubator and 
yeast growth was observed and photographed after 3 days. 
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Supplement Concentrations used 
NaCl 0.4M 
LiCl 25mM 
NaCl, KCl 0.4M, 0.4M 
KCl 0.4M; 15µM, 1mM, 10mM, 100mM, 1M 
Spermine 1mM 
Hygromycin B 20, 30, 40, 50, 60 µg/ml 
Tetramethylammonium chloride 0.3, 0.4, 0.5, 0.6M 
Table 2.2 Conditions used for phenotypic screens 
2.3.11 Proton extrusion assays 
Proton extrusion assay method was adapted from (Navarrete et al., 2010). A saturated pre-culture 
was diluted in YPD to an OD600 of 0.2 and incubated at 30
oC with shaking until an OD600 of 0.6 was 
reached. Cell cultures were pelleted (3000g, 5 min) and washed three times in ultrapure water. The 
pellets were resuspended in 2ml ultrapure water and incubated on ice for 2h. Cell cultures were 
pelleted (3000g, 5min) and resuspended in 2ml 10mM glycylglycine solution (adjusted with HCl to 
pH4.5) containing 50mM KCl. Six ml glycylglycine solution was added to 1.8ml yeast suspension and 
pH was monitored with continuous stirring until a steady baseline was attained. Glucose was then 
added to a final concentration of 20mM and the pH was recorded every 10s for 10min. 
2.3.12 Intracellular pH assay 
Yeast strains of interest were transformed with the pHl-U plasmid using the yeast transformation 
protocol described above. 
The intracellular pH assay method used was adapted from (Maresova et al., 2010). Mid-exponential 
phase cell cultures (OD600 of 0.6), grown in YPD, were washed twice with distilled water and 
resuspended in calibration buffers and citrate-phosphate buffers. The calibration buffers (50mM 
MES, 50mM HEPES, 50mM KCl, 50mM NaCl, 200mM ammonium acetate, 10mM sodium azide, 
10mM 2-deoxy-D-glucose) were adjusted to a range of pH values using HCl or NaOH (pH 4.6, 5.3, 6.2, 
7.4, 8.3). The citrate-phosphate buffers were prepared by dissolving 30mM dibasic potassium 
phosphate in distilled water and adding citric acid to adjust the pH to the desired value.  
Eight replicates consisting of 100µl of cell suspension were added to a 96-well microplate for each 
calibration and test condition. The same amount of cells was added to each well, to a final OD600 of 
0.3-0.5.  
A SynergyHT microplate reader (Biotek) was used to measure the emission fluorescence of the 
samples and controls at 528 nm in response to excitation at 400 nm and 485 nm. The microplate 
reader was used with a 528/20 nm emission filter and 400/30 nm and 485/20 nm excitation filters. 
GraphPad software was used to determine the calibration curve from the fluorescence values 
  
Page 
90 
 
  
obtained from the calibration wells. This software was then used to calculate the intracellular pH 
values of the experimental test wells on the basis of the calibration curve.  
2.3.13 Vacuolar pH assay  
BCECF-AM ester dye was added to a final concentration of 50µM in mid-exponential cell cultures 
(OD of 0.6) in YPD. The cultures were then incubated at 30oC for 30min, with shaking. The cultures 
were then pelleted (3000 rpm, 3 min), washed with deionised water, and resuspended in calibration 
buffers and citrate-phosphate buffers. The calibration buffers (50mM MES, 50mM HEPES, 50mM 
KCl, 50mM NaCl, 200mM ammonium acetate, 10mM sodium azide, 10mM 2-deoxy-D-glucose, 50µM 
CCCP) were adjusted to a range of pH values using HCl or NaOH. The citrate-phosphate buffers were 
prepared by dissolving 30mM dibasic potassium phosphate in distilled water and adding citric acid to 
adjust the pH to the desired value. 
Eight replicates consisting of 100µl of cell suspension were added to a 96-well microplate for each 
calibration and test condition.  
A SynergyHT microplate reader (Biotek) was used to measure the emission fluorescence of the 
samples and controls at 530 nm in response to excitation at 485 nm. The microplate reader was used 
with a 530/25 nm emission filter and 485/20 nm excitation filters. OD600 readings were also obtained 
for each well and the fluorescent intensity was normalised to the OD600 values. 
GraphPad software was used to determine the calibration curve from the fluorescence values 
obtained from the calibration wells. This software was then used to calculate the vacuolar pH values 
of the experimental test wells on the basis of the calibration curve.  
2.3.14 Intracellular K+ concentration assay 
Early-exponential cell cultures (OD600 of 0.2), grown in YPD, were pelleted (3000 rpm, 1min) and 
washed twice in deionised water. Pellets are resuspended in Translucent Medium adjusted to pH 4 
(50mM monobasic sodium phosphate) or pH 6 (50mM dibasic sodium phosphate) and containing 0, 
50, 100, 250, 500 or 1000mM KCl. Resuspended cultures were then incubated at 30oC for 30min, 
with shaking at 180 rpm. 20ml of cell culture was harvested and washed with ice-cold deionised 
water. Pellets were then resuspended in 20ml Incubation Buffer (10mM Tris, 0.1mM MgCl2, 10mM 
RbCl, adjusted to pH4.5 with CH3COOH and Ca(OH)2). Three 5ml samples were then filtered using a 
vacuum pump with nitrocellulose filters (pore diameter 0.8 μm) (Millipore, UK), which had been pre-
soaked for at least 24h in deionised water. The filters were washed immediately after filtration with 
Wash Solution (20mM MgCl2) and transferred to 5ml Extraction Solution (10mM MgCl2, 0.2M HCl). 
After agitation for 5s it was ensured that the filters were completely immersed in Extraction 
Solution. The filters were left to incubate in Extraction Solution for at least 12h. The yeast cell 
density of each sample was obtained using the remaining 5ml of each Incubation Buffer cell 
suspension, through absorbance spectrophotometry. 
Samples were diluted 1:4 in Extraction Solution and then 1:125 in deionised water. Background 
samples were prepared from clean filters washed with Wash Solution and immersed in Extraction 
Solution, as described for the test samples. Cation content of prepared samples was kindly measured 
using ion chromatography by Erin Reardon and Jo Rabineau, Exeter University. 
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2.3.15 Liquid growth assay 
The assay was performed in a 96-well microtitre plate at 30oC. A 100µl cell culture volume at a 
concentration of ~1x106 cells/ml was used in each well. Absorbance measurements at OD620 were 
carried out using a Multiskan Ascent plate reader. 
2.3.16 Fluorescent microscopy 
Cells were grown in YPD to mid-exponential growth phase (OD600 value = 0.6) at 30
oC with shaking at 
180 rpm.  BCECF-AM ester dye was added to a final concentration of 50µM and the cultures were 
incubated for a further 30 min at 30oC with shaking at 180 rpm. Cultures were pelleted (3000 rpm, 3 
min), washed with deionised water, and resuspended in citrate-phosphate buffers (pH 6 and pH8). 
Fluorescent microscopy was conducted using a Zeiss Axiovert 200 inverted microscope, controlled 
by Improvision Volocity image acquisition software. 
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3. Rim101 pathway activation 
3.1 Overview 
The Rim101 pathway was initially shown to be activated by alkaline stress (Li and Mitchell, 1997). 
However, the signalling pathway has since been reported to respond to a diverse range of stresses. 
Changes in lipid asymmetry have been reported to result in increased Rim101p cleavage (Ikeda et 
al., 2008). Rim101p was found to be more highly processed in flip mutants (Δlem3 and Δdnf1Δdnf2), 
and although to a lesser extent, in flop mutants (Δpdr5) (Ikeda et al., 2008). The heterologous 
expression of fatty acid desaturases derived from K. lactis, results in the production of 
polyunsaturated fatty acids and concomitant activation of the Rim101 pathway in S. cerevisiae 
(Yazawa et al., 2009). Weak acid stress (e.g. propionic acid-induced stress) has also been shown to 
activate the Rim101 pathway (Mira et al., 2009). Furthermore, Rim101p has been shown to be 
involved in the anaerobic upregulation of several genes including TIR1, which encodes a cell wall 
mannoprotein (Snoek et al., 2010). The Rim101 pathway has also been implicated in cell wall 
homeostasis, since rim mutants were seen to exhibit hypersensitivity to SDS, caffeine and zymolyase 
(Castrejon et al., 2006). Moreover, Rim101p was reported to contribute to the recruitment and 
assembly of septum machinery (Gomez et al., 2009).  
Since the Rim101 pathway has been shown to be activated in response to a vast array of stress 
conditions, a search for novel activators of the pathway was conducted. In order to assess the levels 
of Rim101 pathway activation, a Western blot-based assay of HA-tagged Rim101p processing was 
employed. Initially, the assay was used to recapitulate the previously published observation of pH-
dependence of Rim101p processing (Li and Mitchell, 1997). The assay was also used to show that 
this processing event required all of the upstream components of the Rim101 pathway, as has been 
previously shown (Hayashi et al., 2005). 
The Rim101p processing assay was then used to assess whether the application of novel stressors 
resulted in enhanced cleavage of Rim101p. Processed Rim101p upregulates the expression of ZPS1 
in response to alkaline stress via inhibition of NRG1 expression (Lamb and Mitchell, 2003;Lamb et al., 
2001). Since ZPS1 is also upregulated under low-zinc conditions and has been postulated to be 
involved in zinc uptake the effect of zinc limitation and abundance on Rim101p processing was 
investigated. Another rationale for testing the effect of zinc on Rim101 pathway activation is that 
metal ion limitation has been proposed to be a prominent limitation on growth under alkaline 
conditions (Serrano et al., 2004). 
The hypersensitivity of the rim101 mutant to Na+ and Li+ ions implicated a potential role for these 
ions as activators of the Rim101 pathway (Lamb et al., 2001). A range of Na+ and Li+ concentrations 
was tested to see if there was any enhancement in Rim101p processing in response to these 
stresses.  In order to investigate whether hyperosmotic stress activates the Rim101 pathway, a range 
of sorbitol concentrations was administered to cells and the level of Rim101p activation was 
assessed. 
An earlier report postulated that the mechanism by which the Rim101 pathway is activated is 
through sensing membrane potential changes (Ikeda et al., 2008). The disruption of lipid asymmetry 
homeostasis was proposed to activate the signalling pathway through the recognition by 
Rim21p/Dfg16p of negatively charged phospholipids aberrantly localised to the outer leaflet of the 
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plasma membrane (Ikeda et al., 2008). High extracellular concentrations of K+ ions cause a 
depolarisation of membrane potential, as a result of passive influx down their electrochemical 
gradient through Trk channels in the plasma membrane (Gaskova et al., 1999). Therefore, the 
potential effect of application of high concentrations of K+ on Rim101p processing was investigated. 
A K+-induced enhancement of Rim101p processing was observed. 
In order to investigate the nature of the K+-induced activation of the Rim101 pathway, high levels of 
extracellular K+ were applied to rim mutants and the resultant level of Rim101p processing was 
assessed by Western blot. The K+-induced activation of the Rim101 pathway was seen to require all 
of the same upstream components that were necessary for alkaline-induced Rim101p proteolysis. 
Since the K+-induced response was found to involve the same signalling components as the canonical 
Rim101 pathway, the dynamics of the alkaline- and K+-induced responses were characterised and 
compared. Both responses were found to occur with the bulk of Rim101p processing taking place 5-
15 minutes after the application of alkaline/K+ stress. 
The potassium-induced activation was clearly specific to K+ ions, since the application of other alkali 
metal cations or other hyperosmotic stressors did not activate the Rim101p pathway. In order to 
determine whether application of K+ resulted in alkalinisation of the extracellular environment, 
thereby activating the Rim101 pathway as a result of effectively inducing an alkaline stress, 
extracellular pH changes were monitored in response to K+ addition. A K+-induced alkalinisation of 
the extracellular environment might have been postulated to occur as a result of yeast cell metabolic 
changes in response to high extracellular K+ levels. Since no alkalinisation of the extracellular media 
was observed, the K+-induced activation of the Rim101 pathway can be considered distinct from that 
induced by alkaline stress. 
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3.2 Materials and methods 
 
Methods that are specific to this chapter can be found below, with general methods described 
earlier in Chapter 2. 
3.2.1 Fluorescent Western blot and densitometry 
Western blotting was conducted as described above, with the only modification being that the 
protein was transferred onto an Immobilon-FL PVDF membrane (Millipore, UK). Monoclonal mouse 
anti-HA-FITC antibodies (Militenyi Biotec GmbH, Germany) were used for labeling the membrane at 
a 1:2000 dilution. The membrane was subsequently scanned using a fluorescent image analyser 
(Fujifilm FLA-5000). Densitometry analysis was conducted on the obtained images using AIDA Image 
Analyzer v4.26 software (Raytest, Germany).    
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3.3 Results 
3.3.1 Rim101 activation in response to alkaline stress 
In order to establish a Western-based assay using an HA-tagged Rim101p strain, previously 
published results were reproduced. Li and Mitchell (1997) had shown the levels of Rim101p 
processing at extracellular pH 6, 7 and 8, while Hayashi et al (2005) published similar results at 
extracellular pH 3.5, 5.5 and 7.5 (Li and Mitchell, 1997a;Hayashi et al., 2005a). The observed results 
(see Figure 3.1) were similar to those described earlier. Rim101p processing is observed even under 
acidic conditions, with the proportion of processed Rim101p out of total Rim101p increasing with 
increasing extracellular pH until all of the detectable Rim101p is in its processed form at extracellular 
pH 8. The dependence of Rim101p processing on all known components of the Rim pathway was 
also observed (see Figure 3.2), as had been previously shown (Hayashi et al., 2005;Li and Mitchell, 
1997). 
Following the confirmation of the validity of this assay, the dynamics of Rim101p activation as a 
result of alkaline shift were investigated. The cells were shifted from extracellular pH 5 to pH8 and 
samples were taken at seven time points within the first hour after alkaline shift. The results show 
that the vast majority of Rim101p processing seems to occur in the first 5-15 minutes after the 
application of alkaline stress (See Figure 3.3). After an hour-long incubation in extracellular pH 8, the 
cells were shifted back to extracellular pH 5 and samples were taken at five time points within the 
first hour of acidic shift. The unprocessed form appeared to return to levels comparable to those at 
steady-state in extracellular pH 5 within five minutes of shifting back into acidic media (see Figure 
3.4).  
 
HA-tagged Rim101 was detected after 1h growth in YPD medium buffered at extracellular pH 5, 6, 7 
or 8.The ratio of the levels of processed (90kDa) to unprocessed (98kDa) forms can be seen to 
increase with increasing extracellular pH, reflecting progressively more proteolytic cleavage of 
Rim101p with increasing extracellular pH, as previously described (Li and Mitchell, 1997). Three 
independent experiments were conducted, a typical result is shown. 
Figure 3.1 Progressively more processing of Rim101p occurs with increasing extracellular pH 
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HA-tagged Rim101 was detected after 1h growth in YPD medium buffered at extracellular pH 8. 
Lanes (left to right) Wild-type (WT), Δrim101, Δrim8, Δrim9, Δrim13, Δrim20, Δrim21. The Rim101p 
protein is observed to be entirely in its processed form in wild-type cells grown at extracellular pH 8. 
However, only the unprocessed form is observed in rim mutants, reflecting the dependence of 
alkaline-induced Rim101p processing on all known components of the Rim101 pathway, as has been 
previously reported (Hayashi et al, 2005; Li and Mitchell, 1997). Three technical replicates were 
conducted, a typical result is shown. 
 
 
 
 
Cells were shifted from extracellular pH 5 to pH 8 and samples were taken at seven time points. HA-
tagged Rim101p was detected by Western blot analysis. The level of processed Rim101p (90kDa) and 
unprocessed Rim101p (98kDa) are comparable within the first 5 minutes following alkaline shift. The 
processed form accumulates to a higher level than the unprocessed form within 10-15 minutes after 
alkaline shift. After 30 minutes, virtually all of the Rim101p observed is in the processed form. Three 
independent experiments were conducted, a typical result is shown. 
 
Figure 3.3 Alkaline-induced Rim101p processing occurs within thirty minutes following application 
of alkaline stress 
 
Figure 3.2 Alkaline-induced Rim101p processing is dependent on RIM8, RIM9, RIM13, RIM20 and RIM21 
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 Cells were shifted from extracellular  pH 5 to pH 8 and were incubated for 1h. (A) The cells were then 
shifted back to pH5 and samples were taken at four time points. Processing levels of Rim101p 
observed for the pH 5 control, which was obtained from cells that were kept at pH 5 without being 
subjected to alkaline shift, were similar to those seen at 5, 10, 15 and 60 minutes after acidic shift 
following 1h incubation at pH 8 (lanes 3-6). (B) Cells were kept at extracellular pH 8 and samples 
were taken at 5, 10, 15 and 60 minutes (lanes 8-11). Protein extracts from rim101 mutants incubated 
at extracellular pH 5 (lane 2) and pH 8 (lane 7) were used as negative controls. HA-tagged Rim101p 
was detected in both 3.4A and 3.4B by Western blot analysis. Three biological replicates were 
conducted, a typical result is shown. 
In order to quantify the changes in the ratio of processed to unprocessed Rim101p over the first 
hour following alkaline shift, Western blot analysis was carried out using FITC-coupled antibodies. 
The labelled membranes were then scanned using a fluorescent scanner and densitometry analysis 
was carried out. The results showed that at extracellular pH 5 approximately half of the total 
Rim101p present is in the processed form (see Figure 3.5). The contribution of the processed form of 
Rim101p increases to ~80% of the total Rim101p over the course of 15 minutes and by 30 minutes 
virtually no unprocessed Rim101p remains. 
Figure 3.4 Ratio of unprocessed to processed forms of Rim101p recovers to original level within 
five minutes of shifting cells back to pH 5 from pH 8.  
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Time course of Rim101p processing in response to alkaline stress
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Figure 3.5 Profile of Rim101 activation in response to alkaline stress 
Cells were shifted from extracellular pH 5 to pH 8 and samples were taken at seven time points. HA-
tagged Rim101 was detected by Western blot analysis using FITC-coupled antibodies and a 
fluorescent scanner. Densitometry analysis was conducted on three technical replicates and the 
mean results were plotted with error bars displaying a range of two standard deviations. The vast 
majority of Rim101p processing is observed to occur 5-15 minutes following alkaline shift. 
 
3.3.2 Rim101 activation in response to other stresses 
As mentioned earlier, there has been some indication that the Rim pathway is not purely associated 
with pH regulation. The evidence includes the phenotype of the Δrim101 strain (sensitivity to cation 
stress and cold temperatures) as well as the nature of several targets of Rim101p (several are 
involved in cation homeostasis). The first stress investigated was that of low extracellular levels of 
zinc. ZPS1 is induced at alkaline extracellular pH in a Rim101p-dependent manner and is also 
expressed under low zinc conditions (Lamb et al., 2001). The possibility that Rim101p activation was 
induced under low zinc conditions or repressed under high zinc conditions was investigated (see 
Figure 3.6). The concentration of zinc in the media had no apparent effect on Rim101p processing. 
However, exposure to low zinc conditions for an hour would be unlikely to result in the depletion of 
intracellular zinc stores. Therefore, whilst Figure 3.6 shows that low extracellular zinc concentrations 
do not appear to directly stimulate Rim101p processing, depletion of intracellular stores after 
several hours may affect the level of pathway activation. 
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HA-tagged Rim101 was detected by Western blot after 1h growth in pH5-buffered YPD medium (lane 
1, from the left), pH5-buffered low zinc medium (LZM) (lane 2), pH5-buffered LZM supplemented with 
1mM ZnCl2 (lane 3). Depletion or enrichment of zinc appears to have no effect on the level of 
Rim101p processing. Three technical replicates were conducted, a typical result is shown. 
The potential induction of Rim101p processing by hyperosmotic stress was investigated, through the 
application of YPD containing a range of concentrations of sorbitol. The cells were grown in 
unbuffered YPD, pelleted and resuspended in YPD containing different levels of sorbitol. After one 
hour, the cells were pelleted and frozen. Western blot analysis revealed that Rim101p processing 
was not noticeably affected by osmotic stress, even at 1M sorbitol (See Figure 3.7). A similar 
experiment was conducted with NaCl to investigate whether a general cation or specific sodium 
stress would lead to increased Rim101p processing as the concentration of NaCl was increased. NaCl 
was not observed to have a noticeable promotion of Rim101p processing (See Figure 3.7). The 
application of NaCl or sorbitol was found to not elicit processing of Rim101p in the Δrim8 strain (see 
Figure 3.9). 
Whilst osmotic and sodium stresses did not appear to induce the activation of the Rim pathway, the 
application of high concentrations of KCl was observed to have a pronounced effect on Rim101 
processing (see Figure 3.8). This effect was found to be dependent on the presence of RIM8 (see 
Figure 3.9). The time course for Rim101 activation shows that the bulk of processing occurs 5-15 
minutes following the application of 1M KCl (see Figure 3.10). The induction of Rim101 processing 
through KCl stress was shown to require all known components of the Rim pathway, as is true for 
induction via alkaline stress (see Figure 3.11). 
 
 
 
 
Figure 3.6 Zinc has no effect on Rim101p processing 
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HA-tagged Rim101 was detected by Western blot after 1h growth in YPD medium buffered at pH 5 
supplemented with 0.1, 0.5 or 1 M NaCl (lanes 3-5) or 0.2, 1 or 2 M sorbitol (lanes 6-8).Lane 1 
contains protein extracted from cells grown in pH 5-buffered YPD without any supplementation. A 
negative control of protein extracted from rim101 cells grown in pH 5-buffered YPD is included in lane 
2. The ratio of processed to unprocessed forms of Rim101p appears to be unchanged in lanes 3-8 
compared to lane 1, reflecting no effect of NaCl or sorbitol application on Rim101p processing. Three 
technical replicates were conducted, a typical result is shown. 
  
 
 
 
HA-tagged Rim101 was detected by Western blot after 1h growth in pH 5-buffered YPD medium with 
0, 0.1, 0.5 or 1 M KCl. Progressive accumulation of the processed form (90kDa) with respect to the 
unprocessed form (98kDa) can be seen with increasing levels of extracellular potassium ions. Three 
biological replicates were conducted, a typical result is shown. 
 
 
 
 
Figure 3.8 Potassium stress induces Rim101p processing 
Figure 3.7 NaCl and sorbitol application has no effect on Rim101p processing 
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HA-tagged Rim101 was detected by Western blot after 1h in pH 5-buffered YPD medium with 0.1, 0.5 
or 1 M KCl (lanes 1-3). All Rim101p detected was in the unprocessed form (98kDa), indicating that 
potassium stress-induced processing of Rim101p requires RIM8. Negative controls of protein 
extracted from rim101 cells grown in pH 5-buffered YPD supplemented with0.1, 0.5 or 1M KCl are 
included in lanes 4-6. Three biological replicates were conducted, a typical result is shown. 
 
 
  
Cells were shifted from pH5-buffered YPD to pH5-buffered YPD containing 1M KCl and samples were 
taken at seven time points. HA-tagged Rim101 was detected by Western blot analysis. The level of 
processed Rim101p (90kDa) and unprocessed Rim101p (98kDa) are comparable within the first 5 
minutes following alkaline shift. The processed form accumulates to a higher level than the 
unprocessed form within 10-15 minutes after alkaline shift. After 30 minutes, virtually all of the 
Rim101p observed is in the processed form. Three biological replicates were conducted, a typical 
result is shown. 
 
 
 
Figure 3.10 Potassium-induced Rim101p processing occurs within thirty minutes following 
application of alkaline stress 
 
Figure 3.9 Potassium stress does not induce Rim101p processing in rim8 mutant 
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HA-tagged Rim101 was detected after 1h growth in pH 5-buffered YPD medium containing 1 M KCl. 
Wild-type (WT) (lane 1), Δrim101 (lane 2), Δrim8 (lane 3), Δrim9 (lane 4), Δrim13 (lane 5), Δrim20 
(lane 6), Δrim21 (lane 7). The Rim101p protein is observed to be entirely in its processed form in wild-
type cells grown in YPD supplemented with 1 M KCl. However, only the unprocessed form is observed 
in rim mutants, reflecting the dependence of KCl-induced Rim101p processing on all known 
components of the Rim101 pathway, as has been previously reported for alkaline-induced Rim101p 
processing (Hayashi et al, 2005; Li and Mitchell, 1997). Three technical replicates were conducted, a 
typical result is shown. 
In order to establish whether KCl stress is indeed distinct from alkaline stress, an assessment was 
carried out to test whether there was an alkalinisation of the medium concomitant with an 
application of high concentrations of KCl, perhaps as a result of altered metabolic activity by the 
yeast cells. The pH of the medium was measured using a pH electrode at seven time points over the 
course of an hour following application of 1M KCl and no change in external pH was observed (see 
Figure 3.12). 
Extracellular pH changes following introduction of 1M KCl at pH 5
Time (min)
E
x
tr
a
c
e
ll
u
la
r 
p
H
0 20 40 60
4.6
4.8
5.0
5.2
5.4
5.6
 
Figure 3.12 Application of 1M KCl has no effect on external pH 
The pH of pH5-buffered YPD, containing BY4741 cells in logarithmic growth phase, was measured at 
0, 3, 5, 10, 15, 30 and 60 minutes after application of 1M KCl. No biologically significant changes in 
extracellular pH were observed as a result of 1M KCl application.Data was obtained from a single 
experiment. 
Figure 3.11 Effect of KCl on Rim101p is dependent on all known components of the Rim pathway 
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3.4 Discussion 
Previous work has ascertained that the processing of Rim101p into its active short form is 
dependent on the presence of RIM8, RIM9, RIM13, RIM20 and RIM21 (Hayashi et al., 2005). The 
Western-based assay carried out using null mutant strains confirmed this published result (see 
Figure 3.2). Whilst the processed form (90kDa) accounted for the total Rim101p in the wild-type 
strain when incubated at extracellular pH 8, only the unprocessed form (98kDa) was present in the 
rim8, rim9, rim13, rim20 and rim21 strains. No Rim101p was visible in the negative control, the 
rim101 strain. The results for the steady-state levels of unprocessed and processed Rim101p (see 
Figure 3.1) closely recreated those previously reported (Hayashi et al., 2005;Li and Mitchell, 1997). 
The results show that even at extracellular pH 5 there is a significant level of Rim101p processing 
occurring. Virtually all of the Rim101p detected at extracellular pH 7, and all at extracellular pH 8, is 
in the processed form. The observation that, unlike PacC in A. nidulans which is only processed at 
alkaline pH, Rim101p is processed at pH values as low as extracellular pH 5 can be explained by the 
different environmental niches inhabited by the two species. S. cerevisiae is generally found on fruit, 
where the pH range will be fairly acidic and so the yeast will need to respond to acidic-neutral pH 
fluctuations in the environment. However, A. nidulans grows in the soil, which can experience a 
broader range of pH values reaching alkalinities higher than pH 8. The confirmation of these 
published results affirmed the use of this Western-based assay for further work.  
The time course of Rim101p processing following alkaline challenge (see Figure 3.3) shows that the 
bulk of processing occurs within the first 15 minutes of exposure to alkaline stress. This result may 
be expected as the processing of Rim101p may be considered analogous to the first processing event 
of PacC in A. nidulans, both involve a proteolytic cleavage at a scaffold assembled at the endosomal 
membrane. The time-frame for this proteolytic cleavage event in A. nidulans has been shown to 
occur within 15 minutes (Diez et al., 2002b;Diez et al., 2002a). Moreover, one would expect that for 
an organism to respond sufficiently quickly to stress, signal transduction must occur in the order of 
minutes rather than hours. 
Rim101p has been previously shown to be activated in response to stresses other than alkaline 
stress. Intracellular polyunsaturated fatty acids, weak acid stress and disruption of lipid asymmetry 
homeostasis have all been shown to activate the Rim101 pathway (Ikeda et al., 2008;Mira et al., 
2009;Yazawa et al., 2009). An investigation was conducted to discover novel stresses that activate 
Rim101p.  
rim101 mutants have been shown to be sensitive to growth in the presence of NaCl or LiCl (Lamb et 
al., 2001). The possibility that an osmotic or sodium stress activated the Rim101 pathway was 
investigated. The rationale being that since Rim101p was required for growth in these conditions 
and processing is thought to activate Rim101p, these stresses may activate the pathway and 
subsequently the processing of Rim101p. Surprisingly, the application of NaCl was not seen to induce 
the processing of Rim101p (see Figure 3.8). The concentrations used (0, 0.1, 0.5, 1M NaCl) were a 
reasonable range to test this hypothesis since a severe defect in growth with respect to the wild-
type was seen in the rim101 mutant at 0.4M NaCl (Lamb et al., 2001).  
The fact that a rim101 mutant has a growth defect in the presence of 0.4M NaCl but processing is 
not induced by the application of 0.5M or 1M NaCl may be explained in a few ways. Firstly, the 
unprocessed form of Rim101p may not be inactive, and it is the activity of this form that when 
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absent in the rim101 mutant leads to a growth defect in the presence of NaCl. An alternative 
explanation is that the baseline level of Rim101p processing at pH 5 may result in a sufficiently high 
concentration of processed Rim101p for the yeast cell to cope with NaCl stress, without the need for 
any extra induction of processing. Thirdly, the published growth assay was carried out on solid 
media, which therefore assesses the long-term impact of the absence of RIM101, whilst the Western 
blot assay of Rim101p activation looks at the short-term (only 1 hour incubation). Therefore, the fact 
that these two methods are exploring very different time frames may explain the apparent 
discrepancy in results. 
The transcriptional responses to high salinity and alkalinity have been shown to be distinct (Lamb et 
al., 2001), which would suggest that NaCl does indeed not activate the Rim101 pathway, however 
the interaction of this pathway with another activated/repressed by high salinity may result in a 
different subset of genes being regulated. 
The possibility of osmotic stress-induced activation of Rim101p independent of a cationic 
component was assessed using the application of sorbitol (see Figure 3.7). Sorbitol concentration 
was found to have no effect on the induction of Rim101p processing. This result is consistent with 
the result previously described, that the rim101 mutant does not display a growth defect in the 
presence of 1.2M sorbitol (Lamb et al., 2001). 
The potential for zinc concentration of the extracellular milieu having an impact on the level of 
Rim101 pathway signalling was investigated. The rationale behind this experiment was that a 
secondary effect of alkalinity is nutrient starvation as a result of a reduced solubility of nutrients at 
higher environmental pH values. Since it is still unknown precisely what signal(s) are sensed by the 
Dfg16p/Rim21p plasma membrane receptor(s), it could be proposed that it is a secondary effect of 
alkalinity rather than a direct change in extracellular pH. Zinc was selected as a candidate for 
inducing/repressing Rim101 pathway signalling because ZPS1 is expressed at alkaline pH in a 
Rim101-dependent manner and it is also expressed under low-zinc conditions(Lamb et al., 2001). 
Zinc depletion and enrichment were seen to have no detectable effect on Rim101p processing (see 
Figure 3.6). Further work may look into the possibility of iron or copper ion concentration 
inducing/repressing Rim101p activation since these have been reported as the limiting factors for 
growth at high pH values (Serrano et al., 2004). However, CTR3, a high-affinity copper ion 
transporter has been shown to be expressed in response to alkaline stress in a RIM101-independent 
manner. Furthermore, FRE1, a ferric and copper reductase which is important in facilitating the 
uptake of copper and iron ions also has alkalinity-induced expression which is not under the control 
of the Rim101 pathway (Lamb et al., 2001). 
The prospect for potassium-induced activation of Rim101p was investigated. The reason for 
selecting potassium for testing was that K+ ions have been shown to have a profound impact on both 
intracellular pH and membrane potential homeostasis, two processes which are strongly influenced 
by extracellular pH (Gaskova et al, 1998; Maresova et al, 2010). Increasing potassium concentration 
was indeed found to promote Rim101p processing to a progressively higher level (see Figure 3.9). 
Interestingly, this potassium-induced processing of Rim101p was found to require the same 
components of the canonical Rim101 pathway and occur with similar dynamics to those of alkaline-
induced processing (see Figures 3.10-3.12). The potential basis for this novel activation of the 
Rim101 pathway merely being a result of potassium application inducing alkalinisation of the 
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extracellular medium, to which the Rim101 pathway then responded, was ruled out as no such pH 
change was observed (see Figure 3.13). Activation of the Rim101 pathway as a result of potassium 
addition is clearly not due to osmotic stress, since NaCl and sorbitol were observed to have no 
detectable impact on Rim101 pathway activation. The potassium-induced activation may be due to 
membrane depolarisation, intracellular alkalinisation or another potassium-dependent event. The 
possibility of membrane potential changes being the rationale for Rim101 pathway activating is 
attractive since extracellular alkalinity also strongly influences the membrane potential (Gaskova et 
al, 1998). Moreover, disruption of lipid asymmetry homeostasis, previously described to activate the 
Rim101 pathway, also results in local changes in plasma membrane charge (Ikeda et al, 2007). The 
case for intracellular alkalinisation being the signal for Rim101 pathway activation is also a promising 
prospect, since extracellular alkalinity also affects intracellular pH (both cytosolic and vacuolar pH) 
(Maresova et al, 2010). The next three chapters encompass an investigation into whether the 
Rim101 pathway has a role in membrane potential, intracellular pH or potassium homeostasis. 
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4. Membrane potential homeostasis 
4.1 Overview 
The previous chapter reported that Rim101p processing is induced by application of high 
concentrations of potassium. Cleavage of Rim101p in response to K+ stress was seen to require the 
same upstream components that are essential in alkaline stress-induced Rim101p processing. 
Rim101p processing was also observed to occur with similar dynamics under both potassium and 
alkaline stress conditions. The K+ stress was established as being distinct from an extracellular 
alkaline stress since application of potassium to yeast culture did not affect the extracellular pH of 
the pH-buffered media. Since both K+ and alkaline stress activate the Rim101 pathway, a mechanistic 
basis for this activation was investigated. 
The primary ions involved in membrane potential homeostasis are H+ and K+ ions. Active export of H+ 
ions by the plasma membrane H+-ATPase, Pma1p, is the main generator of membrane potential. 
Passive influx of K+ ions down their electrochemical gradient via Trk channels in the plasma 
membrane is thought to be the major consumer of membrane potential. High extracellular 
concentrations of K+ or H+ ions result in a depolarisation of the membrane potential (Gaskova et al., 
1999). Conversely, at alkaline pH, the membrane potential is observed to be hyperpolarised. 
Therefore, K+ and alkaline stress may activate the Rim101 pathway through their effects on 
membrane potential which are then sensed by the plasma membrane receptor Rim21p/Dfg16p.  
The possibility that membrane potential changes are the signal for Rim101 pathway activation is also 
implicated by flippase mutants (lem3 and dnf1 dnf2 mutants) exhibiting an elevated level of 
Rim101p processing (Ikeda et al., 2008). Activation has been postulated to result from the 
mislocalisation of negatively-charged phospholipids into the outer leaflet of the plasma membrane 
(Ikeda et al., 2008). 
In order to investigate whether membrane potential changes have a direct effect on Rim101 
pathway activation, the ideal method would involve patch-clamping yeast cells at different voltages 
and assessing the subsequent level of Rim101 pathway activation. There are three major difficulties 
that would be associated with such an approach. Firstly, in order to patch-clamp yeast cells the cell 
wall must be treated with zymolyase in order to render the plasma membrane accessible for the 
patch-clamp pipette to form a gigaseal (Bertl et al., 1998). Since the Rim101 pathway has been 
associated with cell wall homeostasis, disrupting the cell wall may therefore itself affect the level of 
Rim101p processing within the cell (Castrejon et al., 2006). Secondly, the incubation buffer used for 
patch-clamping yeast cells is of a neutral pH value (pH 7.2) (Bertl et al., 1998), and at extracellular pH 
7.2 virtually all Rim101p protein would be expected to be in the short-form (Li and Mitchell, 1997). 
Therefore, the only detectable change in Rim101p processing would be a decrease in response to 
membrane potential changes. Finally, there is no robust single-cell-based assay for activation of the 
Rim101 pathway and so such an assay would need to be developed. 
In order to overcome the difficulties associated with directly investigating whether the Rim101 
pathway senses membrane potential changes, a more oblique approach was adopted. If the 
pathway responds to membrane potential changes, it is reasonable to expect that the pathway 
would have a role in membrane potential homeostasis. An investigation was therefore carried out to 
elucidate whether Rim101 pathway mutants exhibit any aberrant membrane potential 
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characteristics.  
The membrane potential properties of wild-type, rim101 and rim8 mutant strains were investigated. 
The rim8 mutant was included in this study since the loss of the gene encoding the arrestin-like 
protein, Rim8p, results in an ablation of Rim101p processing in response to alkaline and K+ stress 
(see Figure 3.2, 3.11) (Hayashi et al., 2005). Therefore, the behaviour of the rim8 mutant can be 
considered to reflect the impact of the loss of Rim101p processing on membrane potential 
homeostasis. If the long form of Rim101p is inactive, as has been previously thought, then the rim8 
mutant would be expected to phenocopy the rim101 mutant with respect to any aberrant 
membrane potential behaviour. 
Membrane potential homeostasis was studied using a potentiometric dye, diS-C3(3). The 
accumulation of this cationic dye is contingent on the size of the voltage across the plasma 
membrane and the activity of the multidrug resistance efflux pumps that export the dye. The speed 
of dye accumulation is thought to be a reflection of the integrity and form of the cell wall (Gaskova 
et al., 1998). In order to investigate the nature of the membrane potential, depolarising agents that 
effectively ablate the proton motive force were used. These depolarising agents comprised a 
protonophore (CCCP) and an H+-ATPase inhibitor (PPG-14). 
The rim101 and rim8 mutant were found to be hyperpolarised with respect to the wild-type. The 
rim101 mutant depolarised to a much lower membrane potential than the wild-type or rim8 mutant 
following ablation of the proton motive force across its membrane, implicating a distinct membrane 
potential composition. In order to confirm the hyperpolarisation phenotypes of the rim101 and rim8 
mutant, growth in environments containing toxic cations was assessed. A general sensitivity to a 
diverse array of toxic cations has been proposed to be indicative of a hyperpolarised membrane 
potential (Goossens et al., 2000). Indeed, the rim101 and rim8 mutants were found to be sensitive to 
Na+, Li+, spermine, tetramethylammonium and hygromycin B. 
In order to investigate the basis for the hyperpolarisation phenotypes presented by the rim101 and 
rim8 mutants, proton extrusion assays were carried out. This assay measures the efflux of H+ ions 
induced by the addition of glucose to glucose-starved cells (Serrano, 1983). Unexpectedly, there was 
little apparent difference between the H+ ion extrusion rates of wild-type, rim101 and rim8 mutant 
cells. The rim101 mutant displayed a rate of H+ efflux that was only modestly greater than that seen 
in wild-type cells. 
Finally, since Rim101 pathway mutants have been shown in this report to exhibit aberrant 
membrane potential homeostasis, the possibility that the pathway is activated by membrane 
potential changes was tested. A Western blot-based Rim101p processing assay was used to assess 
the level of activation of the Rim101 pathway in the presence of different depolarising and 
hyperpolarising agents. 
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4.2 Materials and methods 
 
Methods that are specific to this chapter can be found below, with general methods described 
earlier in Chapter 2. 
4.2.1 Cell culture 
Yeast cells were grown overnight in YPD media (2% (w/v) glucose, 2% (w/v) bacteriological peptone, 
1% (w/v) yeast extract) in a 30oC shaking incubator (180 rpm). For stationary stage cell membrane 
potential assays, these overnight cultures were used. For exponential phase cell membrane potential 
assays, the overnight cultures were diluted in YPD to an OD578 of 0.2 and grown at 30
oC, with shaking 
at 180 rpm, until the desired OD578 value was attained. 
4.2.2 diS-C3(3) assay 
Cell cultures (5 ml volume) were pelleted (3000 rpm, 3 min) after the desired cell density (measured 
by OD578 value) had been achieved. Pelleted cell cultures were washed twice with 1xPBS and 
resuspended to a final OD578 value of 0.10 in 10 mM pH6 citrate-phosphate buffer. Then 3ml of the 
cell suspension was loaded into a PMMA cuvette (Kartell, Italy). diS-C3(3) dye (Invitrogen) was 
administered from a 10 µM ethanolic stock solution to a final concentration of 20 nM. 
Spectrofluorimetry was then conducted using a FluoroMax-3 spectrofluorometer (Horiba Jobin Yvon, 
USA). Excitation occurred at 531 nm, with fluorescence emission spectra recorded at 1.0 nm 
increments between 560nm and 590 nm. For each spectral scan, the wavelength at which maximum 
emission occurred (λmax) was noted. Recordings were made every few minutes for 25-40 minutes 
until equilibrium was reached, which was defined as a stable λmax value. Following equilibrium being 
reached, a depolarising cocktail was administered. “CP” cocktail composed of a protonophore, CCCP 
(final concentration 5 µM), and PPG-14 (final concentration 10 µM), a Pma1p inhibitor was added. 
Spectral scans were then carried out every few minutes until new equilibrium values for λmax were 
attained. Samples were periodically mixed by inversion in order to prevent sedimentation of yeast 
cells during the experiment. Throughout these measurements, an integration time of 0.3s was used.  
Equilibrium λmax values were precisely determined by fitting a one-phase association curve (for the 
equilibrium λmax prior to depolarisation cocktail administration) or a one-phase decay curve (for the 
final equilibrium λmax after depolarisation cocktail administration) and determining the plateau value 
± standard error. 
4.2.3 Phenotypic screen 
Phenotypic screening was conducted using exponentially growing cells that were diluted to a 
concentration of ~1x106 cells/ml. The cell cultures were then serially diluted 5-fold seven times (cell 
concentrations of approximately 2x105, 4x104, 8000, 1600, 320, 64, 13 cells/ml). Then 3µl of each of 
the dilutions was transferred by multichannel pipette to solid media plates with different 
supplements incorporated (see Table 4.1). The solid media plates were then incubated, statically, in 
a 30oC incubator. Yeast colony growth was noted and photographed after 3 days. 
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Supplement Concentrations used 
NaCl 0.4M 
LiCl 25mM 
NaCl, KCl 0.4M, 0.4M 
KCl 0.4M 
Spermine 1mM 
Hygromycin B 20, 30, 40, 50, 60 µg/ml 
Tetramethylammonium chloride 0.3, 0.4, 0.5, 0.6M 
Table 4.1 Conditions used in phenotypic screens 
 
4.2.4 Proton extrusion assay 
The proton extrusion assay was modified from the method described in (Navarrete et al., 2010). A 
saturated pre-culture was diluted in YPD to an OD600 of 0.2 and incubated at 30
oC, with shaking, until 
an OD600 of 0.6 was achieved. Cell cultures were pelleted (3000g, 5 min) and washed with distilled 
ultrapure water three times. The pellets were then resuspended in 2ml ultrapure water and 
incubated for 2h on ice. Cell cultures were subsequently pelleted (3000g, 5min) and resuspended in 
2ml 10mM glycylglycine solution (adjusted to pH 4.5 with HCl) containing 50mM KCl. Then 1.8ml of 
this solution was added to a further 6ml 10mM glycylglycine solution and the pH was monitored 
with continuous stirring until a stable baseline was reached. Glucose was then added to the cell 
suspension to a final concentration of 20mM and the pH was recorded for 10min at 10s intervals. 
The proton rate was calculated from the gradient of the graphs of pH change between 20 and 500s 
(see Figure 4.13 for an example of such curves), taking into account the buffering effect of the 
glycylglycine, as determined by the titration curve of Figure 4.14. These gradients (pH units per 
minute) were then converted into nmoles of H+ ions per unit time and divided by 0.375 (since 0.375 
nmoles H+ ions were recorded for each 1 nmole H+ ions added in the extracellular pH range of 
interest). These rates were then normalised to the weight of the yeast pellets by dividing the rates 
by the pellet weight in milligrams. 
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4.3 Results 
 
In order to determine whether deletion of RIM101 has an impact on membrane potential 
homeostasis, diS-C3(3) staining assays were conducted. Additionally, the effect of losing Rim101 
pathway signalling on membrane potential homeostasis, through deletion of RIM8, was investigated. 
The equilibrium lambda max value attained by wild-type, rim101 and rim8 mutants at different 
growth phases was recorded. This value is indicative of membrane potential status, with higher 
lambda max values reflecting greater levels of cationic dye accumulation and therefore more 
negative (i.e. larger) voltage across the plasma membrane. In order to dissect the basis for any 
aberrant membrane potential characteristics found in the mutants, a depolarising cocktail was 
applied to ablate the proton motive force, allowing free-flow of protons across the plasma 
membrane. The magnitude of the blue-shift in the equilibrium lambda max value reached following 
application of this cocktail reflects the size of the contribution of the proton gradient to the overall 
membrane potential. 
4.3.1 Membrane potential assays for WT, rim101, rim8  
Membrane potential assays were conducted for the wild-type, rim101 and rim8 strains using the diS-
C3(3) staining assay as described above. Emission spectra were obtained at 3-5 minute intervals until 
an equilibrium lambda max value was reached. A typical emission spectrum is displayed in Figure 
4.1. 
Typical diS-C3(3) assay emission spectrum
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Figure 4.1 Typical emission spectrum obtained from diS-C3(3) assay 
Washed cells were resuspended in 10mM citrate-phosphate buffer (final OD578 value of 0.1). 
Excitation was conducted at 531 nm, with the fluorescence emission spectrum recorded at 1.0 nm 
increments between 560 nm and 590 nm. Emission spectra such as this were then analysed to 
determine the emission wavelength at which maximum emission intensity occurred (the lambda max 
value). 
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Figure 4.2 Stationary phase rim101 and rim8 mutant cells exhibit hyperpolarised membrane 
potential values 
The membrane potential status of mid exponential (A), late-exponential (B) and stationary (C) phase 
cells was investigated using diS-C3(3) assays. diS-C3(3) dye accumulation, indicated by equilibrium 
lambda max value, is greatest in stationary phase cells. Deletion of RIM101 or RIM8 appears to result 
in the generation of a larger membrane potential. Arrow indicates the addition of the depolarisation 
‘cocktail’ comprising protonophore (5 µM CCCP) and H+-ATPase inhibitor (10 µM PPG-14).Following 
the administration of this cocktail, the rim101 mutant is observed to depolarise to a smaller 
membrane potential than that seen in wild-type and rim8 mutant cells.Representative curves from 
three independent experiments are shown. 
In order to determine which growth phase to select for further investigation and whether there 
were any robust trends in membrane potential apparent across all growth phases of wild-type and 
rim mutants, a preliminary set of experiments was conducted. diS-C3(3) staining assays were 
conducted using mid-exponential, late-exponential and stationary phase cultures. Staining curves 
determining the profile of changes in equilibrium lambda max following administration of the 
cationic dye and subsequent depolarisation via the administration of CP cocktail were recorded. 
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Typical staining curves are displayed in Figure 4.2. 
Mid-exponential rim101 mutant cells were observed to have a higher maximum wavelength of 
emission (lambda max) with respect to wild-type cells, at equilibrium, reflective of a greater 
intracellular accumulation of diS-C3(3) dye (see Figures 4.2, 4.3). This increase in net dye uptake may 
be indicative of a hyperpolarised membrane potential.  Mid-exponential rim8 mutant cells displayed 
an equilibrium lambda max that was indistinguishable from that of wild-type cells. Upon application 
of the depolarisation cocktail, the rim101 mutant reached a lower equilibrium lambda max than that 
attained by wild-type cells, a blue shift of approximately 1.15 nm. The equilibrium lambda max 
achieved by the mid-exponential rim8 mutant cells following administration of the depolarisation 
cocktail was equivalent to that exhibited by the wild-type cells.  
Cells in a later growth phase (OD600 1.72-1.76) were observed to display similar trends to those seen 
with mid-exponential cells (see Figures 4.2, 4.3). Stationary phase rim101 mutant cells (OD 600 3.78) 
also exhibited similar diS-C3(3) staining characteristics to those at earlier growth phases. However, 
stationary phase rim8 mutant cells (OD600 3.32) differed from the earlier growth phase cells above as 
they were observed to present a higher equilibrium lambda max than that seen for wild-type cells in 
the same growth phase. These rim8 mutant cells were seen to attain an equilibrium lambda max 
that was equivalent to that of rim101 mutant cells in the same growth phase, over 1 nm red-shifted 
compared to the wild-type equilibrium lambda max.  
Across all three strains, the greatest diS-C3(3) staining prior to application of the depolarisation 
‘cocktail’ was observed in the stationary phase cells, with less staining, and so a lower equilibrium 
lambda max value, seen with mid-exponential cells. Cells with an OD600 of 1.72-1.76 were seen to 
have the least staining before challenge with the depolarisation ‘cocktail’. After the ‘cocktail’ was 
added, wild-type and rim8 mutant cells exhibited a roughly equivalent trend in which the stationary 
phase cells showed the greatest equilibrium lambda max value and the values obtained for cells at 
earlier growth phases were indistinguishable. Post-application of the depolarisation ‘cocktail’, the 
cells in the two post-exponential growth phases displayed very similar equilibrium lambda max 
values, whilst that of the mid-exponential cells was significantly higher. 
All three strains show similar rates of increase in lambda max values prior to cocktail addition at 
OD600 0.5-0.55 and 3.22-3.78 (see Figure 4.2a, 4.2c). A potentially interesting observation from the 
stationary phase cells (OD600 3.22-3.78) is that, unlike the earlier growth phases where the staining 
rate of all strains is virtually identical, these rim8 mutant cells appear to accumulate diS-C3(3) dye 
more rapidly than the other two strains. 
The lambda max characteristics of the three strains are mirrored in the features displayed in the 
corresponding intensity of emission curves (see Figure 4.4-4.6). Thus, the rim101 mutant presented 
a higher emission intensity compared to that of wild-type cells across all growth phases. The rim8 
mutant exhibited a higher intensity of emission with respect to the wild-type strain only in the 
stationary phase. 
Since the greatest levels of diS-C3(3) staining were observed in the stationary phase cells, cells in this 
growth phase were used to further investigate the membrane potential characteristics of the three 
strains. 
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Figure 4.3  Equilibrium lambda max values for wild-type, rim8 and rim101 strains at three different 
growth phases before and after application of depolarisation ‘cocktail’ 
The lambda max values displayed were obtained from the staining curves displayed in Figure 4.4. The 
values for the resting state were obtained through fitting a one-phase association curve and 
determining the plateau value ± standard error.The values for the post-cocktail state were obtained 
through fitting a one-phase decay curve and determining the plateau value ± standard error. 
Unpaired two-tailed T-test p-values, with Bonferroni correction, are represented by * (p < 0.025). 
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Figure 4.4 Emission intensity at lambda max values confirm hyperpolarised membrane potential 
status mid-exponential phase rim101 mutant cells 
diS-C3(3) dye accumulation, indicated by emission intensity at lambda max, is greatest in stationary 
phase cells. Deletion of RIM101 or RIM8 appears to result in the generation of a larger membrane 
potential. Arrow indicates the addition of the depolarisation ‘cocktail’ comprising protonophore (5 
µM CCCP) and H+-ATPase inhibitor (10 µM PPG-14). Representative curves from three independent 
experiments are shown. 
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Figure 4.5 Emission intensity at lambda max values confirm hyperpolarised membrane potential 
status late-exponential phase rim101 mutant cells 
diS-C3(3) dye accumulation, indicated by emission intensity at lambda max, is greatest in stationary 
phase cells. Deletion of RIM101 or RIM8 appears to result in the generation of a larger membrane 
potential. Arrows indicate the addition of the depolarisation ‘cocktail’ comprising protonophore (5 
µM CCCP) and H+-ATPase inhibitor (10 µM PPG-14). Representative curves from three independent 
experiments are shown. 
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Figure 4.6 Emission intensity at lambda max values confirm hyperpolarised membrane potential 
status of stationary phase rim101 mutant cells 
diS-C3(3) dye accumulation, indicated by emission intensity at lambda max, is greatest in stationary 
phase cells. Deletion of RIM101 or RIM8 appears to result in the generation of a larger membrane 
potential. Arrow indicates the addition of the depolarisation ‘cocktail’ comprising protonophore (5 
µM CCCP) and H+-ATPase inhibitor (10 µM PPG-14). Representative curves from three independent 
experiments are shown. 
In order to establish a robust relationship between the membrane potential properties of the three 
strains, three different dilutions of the cell cultures were used (OD600 0.1 – as used in the standard 
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method, OD600 0.05 and OD600 0.025). At all dilutions, rim101 and rim8 mutant cells presented 
indistinguishable equilibrium lambda max values that were approximately 1.2 nm red-shifted with 
respect to those of wild-type cells (see Figures 4.7, 4.8). At all dilutions, the new equilibrium lambda 
max values following addition of the depolarisation ‘cocktail’ were virtually identical for wild-type 
and rim8 mutant cells. Across the three dilutions, the rim101 mutant cells consistently reached a 
much lower equilibrium lambda max value after ‘cocktail’ administration than that observed in wild-
type or rim8 mutant cells. The difference between the wild-type/rim8 mutant ‘cocktail’-induced 
equilibrium value and that of the rim101 mutant decreased with increasing dilution. Thus, at a final 
OD600 value of 0.1, the rim101 mutant displayed an equilibrium lambda max that was approximately 
2.5 nm smaller than that of wild-type or rim8 mutant cells, but differences of only about 1.5 nm and 
1.0 nm were observed in more dilute samples (OD600 values of 0.05 and 0.025, respectively). 
The increased equilibrium lambda max values of rim101 and rim8 mutants compared to wild-type 
cells, reflective of increased diS-C3(3) dye accumulation, is mirrored in the profile of changes in 
intensity of emission at lambda max (see Figure 4.9). Across all three dilutions, the intensity of 
emission at lambda max presented by rim101 and rim8 mutant cells is virtually indistinguishable. 
These intensity values are considerably higher than those observed for wild-type cells. Following the 
addition of the depolarisation ‘cocktail’, the emission intensity values were observed to be broadly 
similar for all three strains, in stark contrast to the dramatically lower lambda max value presented 
by rim101 mutant cells compared to wild-type and rim8 mutant cells. 
The previously described phenomenon of stationary phase rim8 mutant cells staining more rapidly 
than wild-type or rim101 mutant cells was observed in all three dilutions in this experiment. The 
lambda max value of the rim8 mutant was seen to rise much more sharply than that of the wild-type 
or rim101 strains (see Figure 4.7). Furthermore, the intensity of emission at lambda max was seen to 
increase more rapidly in the rim8 mutant compared to the rim101 mutant (see Figure 4.8).  
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Figure 4.7 Stationary phase rim101 and rim8 mutant cells (OD600 0.1, 0.05 or 0.025 dilution) are 
hyperpolarised with respect to wild-type cells; rim101 mutant cells exhibit a more pronounced 
depolarisation upon application of CP cocktail 
Stationary phase cells diluted to OD600 0.1, 0.05 or 0.025 were used in diS-C3(3) staining assays. The 
rim101 and rim8 mutants display a greater accumulation of diS-C3(3) dye indicating a hyperpolarised 
membrane potential. The rim101 mutant presents a much lower level  of diS-C3(3) dye accumulation 
following disruption of the proton gradient than is seen in the rim8 mutant or wild-type cells. The 
arrow indicates the addition of the depolarisation ‘cocktail’ comprising protonophore (5 µM CCCP) 
and H+-ATPase inhibitor (10 µM PPG-14). Representative curves from three independent experiments 
are shown. 
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Figure 4.8 Summary of equilibrium lambda max values for wild-type, rim8 and rim101 strains in 
stationary growth phase, at three dilutions, before and after application of depolarisation 
‘cocktail’ 
The lambda max values displayed were obtained from the staining curves displayed in Figure 4.8. The 
values for the resting state were obtained through fitting a one-phase association curve and 
determining the plateau value ± standard error.The values for the post-cocktail state were obtained 
through fitting a one-phase decay curve and determining the plateau value ± standard error. 
Unpaired two-tailed T-test p-values, with Bonferroni correction, are represented by * (p < 0.025). 
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Figure 4.9 Hyperpolarisation phenotype of stationary phase rim8 and rim101 mutant cells (OD600 
0.1 dilution) confirmed through emission intensity at lambda max values 
The hyperpolarised membrane potential homeostasis of stationary phase rim101 and rim8 mutant 
cells is confirmed through recordings of emission intensity at lambda max.The arrow indicates the 
addition of the depolarisation ‘cocktail’ comprising protonophore (5 µM CCCP) and H+-ATPase 
inhibitor (10 µM PPG-14). Representative curves from three independent experiments are shown. 
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4.3.2 Phenotypic screen showing sensitivity of rim101 and rim8 to range of toxic cations 
 
The diS-C3(3) assay results above strongly implicate a hyperpolarised membrane potential 
phenotype as a result of RIM101 or RIM8 deletion. However, since the dye accumulation is also 
affected by export pump activity, this study sought to confirm these hyperpolarisation phenotypes 
through toxic cation senstivity screens. Toxic cation senstivity screening was previously used as a 
method for confirming the hyperpolarised membrane potential of trk1 trk2 mutant cells (Navarrete 
et al, 2010). 
A. YPD       B. 0.4M NaCl 
                     
 C. 0.4M KCl      D. 0.4M NaCl, 0.4M KCl 
                      
 E. 1mM spermine     F. 25mM LiCl 
                      
Figure 4.10 Phenotypic screen showing sensitivity of rim101 and rim8 mutants to toxic cations 
Overnight cell cultures were diluted to OD600 of 0.1 and then serially diluted five-fold seven times. 3µl 
of diluted cell culture was added to each agar plate, with the colonies from left to right arising from 
the following dilutions: : 2x105, 4x104, 8000, 1600, 320, 64, 13 cells/ml. Typical results are shown 
from three independent experiments. Photos were taken after 5  days.The rim101 and rim8 mutant 
strains are seen to be sensitive to (B) 0.4M NaCl, (E) 1mM spermine and (F) 25mM LiCl. These mutant 
strains showed no discernible sensitivity to (C) 0.4M KCl or (D) 0.4M NaCl, 0.4M KCl. 
 
The rim101 and rim8 mutant strains display a heightened sensitivity to toxic cations (see Figure 
4.10). The strains show reduced growth in the presence of 1mM spermine and 0.4M NaCl (see Figure 
4.10b, e). The mutant strains exhibit no impaired growth on solid plates containing 0.4M KCl. Indeed 
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addition of 0.4M KCl to 0.4M NaCl resulted in the permission for growth of rim101 and rim8, despite 
the high levels of extracellular sodium ions (see Figure 4.10d). Both strains exhibited profoundly 
impaired growth in an environment containing 25mM LiCl (see Figure 4.10f). 
A. YPD     B. 0.3M TMA  
  
 C. 0.4M TMA                   D. 0.5M TMA 
 
 E. 0.6M TMA 
 
Figure 4.11 Phenotypic screen showing sensitivity of rim101 and rim8 mutants to 
tetramethylammonium chloride 
Overnight cell cultures were diluted to OD600 of 0.1 and then serially diluted five-fold seven times. 3µl 
of diluted cell culture was added to each agar plate, with the colonies from left to right arising from 
the following dilutions: : 2x105, 4x104, 8000, 1600, 320, 64, 13 cells/ml. Typical results are shown 
from three independent experiments. Photos were taken after 3 days. Hypersensitivity of rim101 and 
rim8 mutant strains to TMA-Cl is observed at all concentrations greater than 0.3M TMA (C-E). 
Hypersensitivity to tetramethylammonium choride was observed in the rim101 and rim8 mutants 
(see Figure 4.11). At 0.3M TMA, the growth displayed by the rim mutants is seen to be comparable 
to that of wild-type cells (see Figure 4.11). However, pronounced growth defects were seen in the 
rim mutants at supplementations of 0.4M and 0.5M TMA (see Figure 4.11c, d). The rim8 mutant 
appeared to present a more dramatic impairment of growth under these conditions than was 
observed in the rim101 mutant. Both rim mutants tested were unable to grow at 0.6M TMA (see 
Figure 4.11e). 
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A. YPD        B. 20µg/ml hygromycin B 
 
              C. 30µg/ml hygromycin B                  D. 40µg/ml hygromycin B 
 
 E. 50µg/ml hygromycin B     F. 60µg/ml hygromycin B 
 
Figure 4.12 Phenotypic screen showing sensitivity of rim101 and rim8 mutants to hygromycin B 
Overnight cell cultures were diluted to OD600 of 0.1 and then serially diluted five-fold seven times. 3µl 
of diluted cell culture was added to each agar plate, with the colonies from left to right arising from 
the following dilutions: 2x105, 4x104, 8000, 1600, 320, 64, 13 cells/ml. Typical results are shown from 
three independent experiments. Photos were taken after 3 days.The rim101 mutant is hypersensitive 
to cooncentrations of hygromycin B that are greater than 30µg/ml. The rim8 mutant does not appear 
to be sensitive to hygromycin B. 
The rim101 mutant displayed increasingly defective growth, with respect to wild-type cells, with 
increasing concentrations of hygromycin B (see Figure 4.12). A mild sensitivity to 20µg/ml 
hygromycin B is observed in this mutant, with impairment of growth increasing with hygromycin B 
concentration until growth is almost ablated at 60µg/ml hygromycin B. The rim8 mutant surprisingly 
displayed levels of growth that were virtually indistinguishable from that of the wild-type strain 
under all concentrations of hygromycin B tested. 
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4.3.3 Pma1 activity in WT, rim101, rim8 
The results above from diS-C3(3) assays and phenotypic screens strongly implicate rim101 and rim8 
mutant strains in having hyperpolarised membrane potentials. In order to investigate the basis of 
this altered membrane potential state, the activity of the plasma membrane H+-ATPase (Pma1p), the 
primary generator of membrane potential, was assessed in all three strains. The rate of glucose-
induced acidification of the extracellular medium has been used in previously published reports as a 
measure of Pma1p activity (Serrano, 1983;Navarrete et al., 2010). Wild-type, rim8 and rim101 
strains all exhibited glucose-induced proton extrusion following glucose starvation (see Figure 4.13). 
The proton extrusion rate induced by 10mM glucose application was approximately 28% higher in 
the rim101 mutant (0.402±0.069 nmoles H+ ions per mg cells) than in the wild-type strain 
(0.315±0.093 nmoles H+ ions per mg cells) (see Figure 4.15). Pma1p proton-pumping activity was 
observed in the rim8 mutant to be virtually indistinguishable from that seen in the rim101 mutant 
(0.379±0.091 nmoles H+ ions per mg cells). However, statistical significance was difficult to discern 
due to noise within the data. 
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Figure 4.13 External pH changes following 10mM glucose addition to glucose-starved wild-type 
and rim101 and rim8 mutant cells 
Pelleted cell cultures were washed and resuspended in 2ml ultrapure water and kept for 2h on ice. 
The cultures were then pelleted and resuspended in 10mM glycylglycine solution (pH 4.5) containing 
50mM KCl. Extracellular pH was monitored with continuous stirring until a stable baseline was 
reached. Glucose was then added to the cell suspension to a final concentration of 20mM and the pH 
was recorded for 10min at 10s intervals.The extracellular medium can be seen to acidify as a result of 
glucose addition.Typical curves obtained from three indendent experimentsusing this method are 
displayed. Quadratic regression using the least squares method was used to generate these curves. 
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Figure 4.14 Titration curve for glycylglycine buffer used in proton extrusion assays 
The pH of this buffer was adjusted to pH 4.70±0.01 using concentrated HCl. Concentrated HCl was 
then added in 10µl increments and the stable pH of the buffer was recorded. The titration was carrid 
out until a pH 4.30±0.01 was reached. The pH values were converted into nmoles H+ ions and plotted 
on the graph. 
 
  
Figure 4.15 Rate of proton extrusion following 10mM glucose addition to glucose-starved wild-
types and rim101 and rim8 mutant cells 
The rate of proton extrusion was calculated from the rate of external pH change in the first 6 minutes 
of proton extrusion. The rate appears to be higher in rim101 and rim8 mutant cells, although noise in 
the data means that the significance of these differences is difficult to discern. “*” indicates p-value < 
0.05. Unpaired one-tailed T-test p-values: (WT-rim101: 0.0341; WT-rim8: 0.1600; rim101-rim8: 
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0.3148). The data for this graph were obtained from three independent experiments. 
4.3.4 Rim101 processing in response to CCCP addition 
 
 
Figure 4.16 The protonophore CCCP does not affect Rim101p processing in unbuffered YPD 
HA-tagged Rim101p was detected by Western blot after 1h growth in unbuffered YPD medium with 
0, 5, 10, 20, 50, 100, 250, 500 or 1000µM CCCP (lanes left to right). The level of Rim101p processing 
is unaffected by CCCP application in unbuffered YPD.Three technical replicates were performed, a 
typical result is displayed. 
In order to assess whether the Rim101 pathway not only functions in membrane potential 
homeostasis, but also responds to changes in membrane potential status, Western-based Rim101p 
processing assays were carried out following exposure to a depolarising agent. Application of the 
protonophore CCCP in unbuffered medium resulted in no apparent change in the level of Rim101p 
processing (see Figure 4.16). 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Page 
125 
 
  
4.4 Discussion 
The rim101 and rim8 mutants were observed to have membrane potential characteristics that 
differed from wild-type cells. rim101 mutants were consistently observed to exhibit equilibrium 
lambda max values that were significantly red-shifted with respect to wild-type cells (red shifts of 1-
1.5 nm were found in all experiments) (see Figures 4.2, 4.3, 4.7, 4.8). This result means that the 
rim101 mutant has accumulated more diS-C3(3) dye than wild-type cells. Increased diS-C3(3) staining 
is reflective of a hyperpolarised membrane potential, reduced dye efflux or a combination of the 
two. In order to determine whether there is reduced efflux pump activity in rim101 and rim8 mutant 
cells, drug diffusion assays using substrates for these pumps could be employed (e.g. nigericin). 
Alternatively, RIM101 and RIM8 deletions could be performed in mutants that lack these efflux 
pumps. However, since the rim101 mutant exhibits a consistently higher level of diS-C3(3) staining 
compared to wild-type at all growth phases, and dye efflux pump activity has been shown to be 
highly dependent on growth phase, it is most likely that the rim101 mutant does indeed have a 
hyperpolarised potential across its plasma membrane. However, since Nrg1p has been shown to 
bind to PDR5 and SNQ2 promoter sequences through ChIP-on-chip analysis, a reduction in dye efflux 
would perhaps be predicted as a result of disinhibition of NRG1 expression in the rim101 mutant 
(Harbison et al., 2004). This prediction could be tested using Western blot analysis to determine 
whether there is a greater level of Pdr5p and/or Snq2p in a rim8 mutant. 
The rim8 mutant exhibits a level of diS-C3(3) dyes staining that is indistinguishable from wild-type 
cells at mid- and late-exponential growth phases. However, cells in stationary phase consistently 
were observed to have diS-C3(3) dye staining that was significantly higher than wild-type cells, 
indeed it was virtually identical to that observed in the rim101 mutant. The phenomenon of 
increased dye staining with respect to wild-type cells only occurring in rim8 mutants in the advanced 
post-diauxic phase may be a result of membrane hyperpolarisation occurring only in this growth 
phase or relatively high diS-C3(3) dye efflux pump activity during earlier growth phases. However, 
since a reduction in the levels of Pdr5p and Snq2p would actually be predicted in the rim8 mutant, as 
a result of the derepression of NRG1 expression following from the mutant’s inability to process 
Rim101p, it seems most likely that the rim8 mutant is only hyperpolarised in the stationary growth 
phase. 
The rim8 mutant consistently displays a more rapid accumulation of diS-C3(3) dye than wild-type and 
rim101 mutants, even during exponential growth phases where it attains the same final level of 
staining as the wild-type. This suggests that the rim8 mutant may possess an aberrant cell wall 
structure, since the thickness of the cell wall has been shown to heavily influence the rate of passive 
uptake of diS-C3(3) dye (Gaskova et al., 1998). The hypothesis that the rim8 mutant has a thinner cell 
wall could be tested using electron microscopy. The rim101 mutant appears to accumulate diS-C3(3) 
dye at a similar rate to wild-type cells, even though a higher final equilibrium lambda max is reached. 
This suggests that unlike the rim8 mutant, the rim101 mutant possesses a similar cell wall structure 
to wild-type cells. 
The addition of a depolarisation ‘cocktail’ composed of a protonophore (CCCP) and Pma1p inhibitor 
(PPG-14) had distinct effects on the rim101 and rim8 mutants. Administration of this ‘cocktail’ 
effectively ablates the H+ ion gradient across the plasma membrane, through stopping the H+-
pumping activity of Pma1p and allowing H+ ions to traverse the membrane freely as CCCP is a 
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lipophilic weak acid that deprotonates upon arrival in the cytosol. The extent that the equilibrium 
lambda max falls following application of the ‘cocktail’ is therefore an indication of the extent that 
the H+ ion gradient contributes to the membrane potential. The equilibrium lambda max of the rim8 
mutant following application of the depolarisation ‘cocktail’ was observed to consistently be 
indistinguishable from wild-type cells, even in stationary growth phase where the mutant exhibits 
greater staining prior to ‘cocktail’ addition. This suggests that in mid- and late-exponential growth 
phases, the rim8 mutant generates a membrane potential that is virtually identical to that seen in 
wild-type cells with regard to magnitude and the contribution of H+ ions to its composition. The 
stationary phase rim8 mutant cells exhibit a membrane potential that is greater than wild-type cells, 
an increase of which is apparently entirely due to the establishment of a greater H+ ion gradient, 
without affecting the size of the contribution of other ions to membrane potential composition. A 
reasonable prediction would be that Pma1p H+-pumping activity is heightened in rim8 mutant cells 
in the stationary growth phase. The level of diS-C3(3) dye staining of the rim101 mutant was 
observed to diminish after ‘cocktail’ application to a much lower level than that seen in wild-type or 
rim8 mutant cells. This dramatic reduction in staining is reflective of a pronounced membrane 
depolarisation following ablation of the H+ ion gradient across the plasma membrane. Since the 
rim101 mutant exhibits an almost complete collapse of membrane potential as a result of ‘cocktail’ 
addition, the mutant appears to not only have a resting membrane potential that is larger than that 
seen in wild-type cells, but also a different composition with regard to the ions that contribute 
towards this membrane potential. The mechanistic basis for these differences may be that the 
Rim101 pathway regulates the activity of Pma1p and/or plasma membrane potassium transporters 
(e.g. Trk1p, Trk2p, Nha1p). A similar degree of membrane hyperpolarisation in stationary growth 
phase rim101 and rim8 mutants should not be interpreted as identical phenotypes, since the degree 
to which a proton gradient contributes to the membrane potential value is different for the two 
strains. 
Earlier reports have assumed that the full-length form of Rim101p is inactive and that it is the 
processed form that is capable of transcriptional regulation. The differences observed in membrane 
potential characteristics of the rim101 and rim8 mutants may implicate a role for the full-length in 
membrane potential homeostasis. If the full-length form of Rim101p was inactive then it would be 
expected that the phenotypes presented by the rim101 and rim8 strains would be virtually identical 
since the rim8 strain is unable to process Rim101p as a result of the deletion of RIM8, which encodes 
a critical upstream component of the Rim101 pathway. Since the rim101 mutant actually displays a 
higher level of diS-C3(3) staining compared to the rim8 mutant at mid- and late-exponential growth 
phases and a much more dramatic fall in the level of staining post-addition of ‘depolarisation’ 
cocktail, the full-length form is strongly suggested to have a role in membrane potential homeostasis 
and/or dye efflux pump activity. The role of the processed form of Rim101p in membrane potential 
homeostasis can be revealed by comparing the diS-C3(3) staining properties of wild-type with rim8 
mutant cells. Therefore, the short-form of Rim101p is implicated in membrane potential 
homeostasis, at least during the stationary growth phase, and perhaps in cell wall homeostasis (as 
seen from the indirect evidence of a thinner or more porous cell wall from the diS-C3(3) staining 
curves). An alternative hypothesis would be that rather than the phenotypes presented being due to 
the full-length form of Rim101p, Rim8p itself has an unknown target which influences membrane 
potential homeostasis. In order to determine which hypothesis is correct, a mutant which expressed 
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unprocessible Rim101p could be tested. 
The hyperpolarisation of the rim101 and rim8 mutant may be partly due to the downregulation of 
YLR004C which encodes a weak acid transporter, since two Nrg1p binding sites are located within 
the gene’s promoter sequence. Therefore, the lack of processed Rim101p in the rim8 mutant and 
total Rim101p in the rim101 mutant may result in inhibition of YLR004C expression via a relief of the 
inhibition of NRG1 expression. Another possibility is the elevated levels of Nrg1p in the rim101 and 
rim8 mutants resulting in a reduction in expression of ADY2, which encodes an acetate permease 
that is induced 27-fold 4 hours following a shift from glucose to acetic acid (0.5% v/v pH 6), 
conditions which would be expected to result in Rim101p processing (Paiva et al., 2004;Mira et al., 
2009). JEN1, which encodes a monocarboxylate/H+ symporter similarly contains a putative NRG1 
binding site and is upregulated 42-fold in response to a shift from glucose to acetic acid (Paiva et al., 
2004). Therefore, a reduction in weak acid uptake, which means less subsequent weak acid 
deprotonation in the cytosol, and diminished H+ ion symport may contribute to the generation of a 
hyperpolarised membrane potential in rim101 and rim8 mutants. 
This study found that mid-exponential cells had equilibrium lambda max values that were 
intermediate between those at early post-exponential phase and stationary phase cells. These 
values are indicative of the level of diS-C3(3) staining, which is itself a product of the magnitude of 
the membrane potential and ABC pump activity. Therefore, the stationary phase cells may have 
reduced pump activity compared with exponential cells, a greater membrane potential or a 
combination of the two. Since the equilibrium lambda max values reached are sufficiently high as to 
be comparable with those reported for a yor1 snq2 pdr5 mutant, which lacks the ABC pumps that 
mediate diS-C3(3) dye efflux, low ABC pump activity is likely to be present in these stationary phase 
cells (Gaskova et al., 2002). The relationship between the different growth phases, with respect to 
diS-C3(3) staining, is consistent with that reported for pump-free strains. Late-exponential cells were 
observed to stain less than mid-exponential or advanced post-diauxic pump-free cells (Cadek et al., 
2004). Furthermore, the pump activity of post-diauxic pump-overexpressing cells was found to be 
much lower than in cells in the exponential growth phase (Cadek et al., 2004). The basis for 
increased diS-C3(3) staining in stationary phase cells is thought to be glucose-depletion inducing 
downregulation of Pdr5p and Snq2p activity (less diS-C3(3) efflux) and elevated Pma1p activity 
(larger membrane potential generated leading to more diS-C3(3) influx) (Cadek et al., 2004). Growth-
phase dependent fluctuations in Pma1p activity have indeed been reported, with Pma1p exhibiting a 
reduction in activity during late exponential growth (Nso et al., 2002). In order to establish whether 
the pump activity of the strains used in this study indeed exhibits a dependence on growth phase 
which is different from that reported for the US 50-18C strain, YOR1, SNQ2 and PDR5 deletions could 
be introduced in order to render the strains ABC pump-deficient. 
The sensitivity exhibited to 1mM spermine may be a result of hyperpolarised membrane potential 
leading to a greater electrochemical gradient for this cation into the cytosol (see Figure 4.14e). 
However, an alternative explanation is that the rim101 and rim8 mutant have an increased 
abundance of plasma membrane transporters that are able to import spermine into the cytosol. 
Support for this second hypothesis arises from the previously described observation that DUR3 
expression is expressed in the wild-type at 40% of the level observed in the rim101 strain (Mira et 
al., 2009). Dur3p is a urea and polyamine transporter, as shown by the disruption of DUR3 reducing 
polyamine-induced growth in polyamine-requiring mutants (Uemura et al., 2007). Furthermore, 
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DUR3 expression is strongly inhibited in response to polyamine application (e.g. 10µM spermine) 
and a concomitant reduction in polyamine uptake is observed (Uemura et al., 2007). In order to 
determine whether the spermine sensitivity of these rim mutants is indeed dependent on DUR3 
upregulation, the effect of RIM101 and RIM8 disruption in a dur3 mutant could be investigated. If 
the rim101 dur3 and rim8 dur3 mutants displayed a heightened sensitivity to spermine with respect 
to the dur3 mutant, then this would indicate that the spermine hypersensitivity of the rim8 and 
rim101 mutants was at least partially DUR3-independent and so would implicate the mechanistic 
basis for the hypersensitivity being hyperpolarisation of the membrane potential. In dur3 mutants, 
spermine uptake would primarily occur via the Sam3p transporter in conjunction with glutamic acid, 
S-adenosylmethionine or lysine (Uemura et al., 2007). 
Hygromycin B hypersensitivity was displayed by the rim101 mutant. The toxicity of hygromycin B 
(see Figure 4.16 for chemical structure) in E. coli has been shown to arise from inhibition of 
translation and 30S ribosomal subunit formation (McGaha and Champney, 2007). Since hygromycin 
B is a translational inhibitor, most yeast strains display impaired growth in the presence of 200µg/ml 
hygromycin B (Banuelos et al., 2010). Hypersensitivity to this toxic cation may be a consequence of a 
greater membrane potential across the plasma membrane resulting in a greater electrochemical 
gradient for positively charged hygromycin B to enter the cell, as has been shown for trk1 trk2 
mutants (Mulet et al., 1999). However, it has been shown that hygromycin B sensitivity does not 
inherently indicate a hyperpolarised membrane potential and that a hyperpolarised membrane 
potential does not necessarily result in hygromycin B sensitivity. The kha1 mutant has been shown 
to be hypersensitive to hygromycin B, but exhibits no membrane potential hyperpolarisation 
(Maresova and Sychrova, 2005;Maresova et al., 2006). Similarly, the nhx1 mutant has displayed a 
hypersensitivity to 100µg/ml hygromycin B, but no discernible changes in membrane potential 
status with respect to wild-type cells (Kinclova-Zimmermannova and Sychrova, 2006). Conversely, 
TOK1 overexpression resulted in hyperpolarisation of the membrane potential, but no altered 
sensitivity to hygromycin B (Maresova et al., 2006). The theory that hygromycin B sensitivity in the 
rim101 mutant is dependent on hyperpolarisation could be tested through recording the sensitivity 
of the mutant to the toxin under depolarising conditions (e.g. following administration of CCCP and 
PPG-14).  
An alternative theory for the hygromycin B hypersensitivity observed in rim101 mutant is that 
defective intracellular pH homeostasis results in aberrant pH-dependent vesicle trafficking and so 
defective sequestration of hygromycin B. This mechanism was postulated as being the basis for 
hygromycin B sensitivity in the nhx1 mutant (Brett et al., 2005b). In order to determine whether this 
is the case for rim101 mutant, an FM-64 dye efflux assay could be employed to examine whether 
endosomal vesicle trafficking is impaired in these mutants (Wiederkehr et al., 2000). Hygromycin B 
sensitivity has also been suggested to be a result of aberrant potassium homeostasis since 
supplementation with 100mM KCl was able to restore the growth of several of the mutants 
identified in a screen for hygromycin B hypersensitivity (Fell et al., 2011). Indeed, impaired 86Rb+ 
uptake was observed in the majority of membrane traffic mutants that were hypersensitive to 
hygromycin B (Fell et al., 2011). 86Rb+ is generally used to analyse potassium transport because yeast 
cell ion transporters do not distinguish significantly between Rb+ and K+ ions. Furthermore, 86Rb+ has 
a more convenient half-life for experimentation and disposal (approximately 19 days) than that of 
known K+ radioactive isotopes. The defective uptake has been proposed to result from direct 
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regulators of Trk channel activity (e.g. Ppz1p) or organellar alkali metal cation/H+ antiporters (e.g. 
Vnx1p) being mislocalised (Fell et al., 2011). A connection between potassium homeostasis, 
membrane trafficking and hygromycin B sensitivity is further emphasised by inositol kinase mutants 
(kcs1, arg82 and fab1 mutants) containing defective vacuoles and exhibiting a sensitivity to 
hygromycin B that is suppressed by addition of potassium but not sorbitol (Fell et al., 2011). 
Interestingly, mutant strains that displayed sensitivity to very low concentrations of hygromycin B 
(25µg/ml) were also sensitive to TOR pathway inhibitors (rapamycin, caffeine) and displayed 
reduced growth at 15oC, which are all phenotypes that have been observed in the rim101 mutant 
(Banuelos et al., 2010). 
 
Figure 4.17 Chemical structure of hygromycin B 
Ether linkages that are atypical of aminoglycoside antibiotics are highlighted in red. This figure was 
adapted from (McGaha and Champney, 2007). 
 
The rim101 and rim8 mutants were found to be hypersensitive to LiCl, consistent with previously 
reported observations (see Figure 4.10f) (Lamb and Mitchell, 2003). The mechanistic basis for lithium 
toxicity is through inhibition of Mg2+-dependent enzymes, since the hydrated Li+ ion has a 
comparable ionic radius to the Mg2+ ion (Masuda et al., 2008). These enzymes include the metal-
dependent phosphomonoesterase family members (e.g. fructose 1,6-bisphosphatase), which 
contain a characteristic DP(I/L)D(G/S)(T/S) motif, and phosphoglucomutase (York et al., 
1995;Masuda et al., 2001). Lithium hypersensitivity may be due to a hyperpolarised membrane 
potential in the rim101 and rim8 mutants resulting in a greater passive influx of Li+ ions into the 
cytosol. Alternatively, lithium ion sequestration in organelles may be impaired by reduced Kha1p or 
Nhx1p levels or activity in these mutants. The levels of HA-tagged Kha1p and Nhx1p could be 
assessed via Western blot analysis in the rim101 and rim8 mutants in order to determine whether 
there is a reduced abundance of these proteins. GFP-tagging of Kha1p and Nhx1p would permit 
fluorescent microscopy to be employed in order to investigate whether these proteins are correctly 
targeted in rim101 and rim8 mutants. Another alternative hypothesis is that a reduction in Li+ ion 
efflux capability across the plasma membrane may contribute to this Li+ ion hypersensitivity, as a 
result of diminished activity or amount of Ena1p or Nha1p. The abundance and localisation of these 
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proteins in the rim mutants could be tested using HA- and GFP-tagged constructs as was described 
for Kha1p and Nhx1p. Moreover, since Nha1p is primarily post-transcriptionaly regulated, the 
regulatory C-terminal domain of this alkali metal cation/H+ antiporter could be deleted in rim 
mutants and the subsequent level of Li+ sensitivity could be assessed. Whilst there are other 
potential mechanisms explaining the Li+ hypersensitivity present in rim mutants, since the rim101 
and rim8 mutants are hypersensitive to a variety of toxic cations, it is likely that either a vesicle 
trafficking defect or hyperpolarised membrane potential is responsible for this hypersensitivity, since 
these aberrations would result in heightened sensitivity to all the toxic cations tested.  
The rim101 and rim8 mutants were found to exhibit NaCl hypersensitivity (see Figure 4.10b). This 
result corroborates previously reported observations (Lamb and Mitchell, 2003). Biochemical targets 
for Na+ ions in sodium toxicity include Met22p/Hal2p, a Mg2+-dependent bisphosphate-3’-
nucleotidase that dephosphorylates two  intermediates of the sulphate assimilation pathway, 3’-
phosphoadenosine-5’-phosphosulphate and 3’-phosphoadenosine-5’-phosphate (Murguia et al., 
1996). Inhibition of Hal2p by Na+ (or Li+ ions) results in the accumulation of 3’-phosphoadenosine-5’-
phosphate, resulting in the inhibition of RNA processing enzymes resulting in impairment of mRNA 
turnover and 5’ processing of 5.8S rRNA and small nucleolar RNA (Dichtl et al., 1997). The 
hypersensitivity of the rim101 and rim8 mutants to Na+ ions may be a result of an elevated sodium 
ion electrochemical gradient as a consequence of a hyperpolarised membrane potential. 
Alternatively, the rim101 and rim8 mutants may exhibit an increased capability for sodium uptake, 
reduced capacity for sodium efflux or defective sodium sequestration in organelles. Since addition of 
0.4M KCl is able to restore the growth of these mutants in the presence of 0.4M NaCl, the inhibition 
of growth is clearly not a generic cation or osmotic stress, but rather a sodium-specific one (see 
Figure 4.10d). The restorative effect on growth of potassium addition on the rim101 and rim8 
mutants may be a result of either a prominent reduction in sodium influx as a result of alkali metal 
cation uptake transporters preferentially transporting K+ ions, or as a consequence of the 
intracellular K+/Na+ ratio being restored to a more healthy balance. The intracellular Na+ and K
+ ion 
content under a range of extracellular concentrations of potassium and sodium ions could be 
determined using ion chromatography analysis on yeast cell extracts. The relationship between 
sodium and potassium accumulation could thereby be delineated. 
The rate of proton extrusion induced by the application of 10mM glucose to glucose-starved wild-
type and rim101 and rim8 mutant cells was observed to be unexpectedly similar (see Figure 4.15). 
Whilst the rim101 mutant exhibited an elevated rate of proton extrusion, with respect to wild-type, 
of statistical significance (p = 0.0341), the rim8 mutant did not. Perhaps since the proton extrusion 
assay is carried out using mid-exponential cells, a growth phase during which the rim8 mutant was 
observed to stain to a similar degree to wild-type cells in the diS-C3(3) assay, the rim8 mutant cells 
used were not hyperpolarised. An alternative theory is that in the requisite buffer for the proton 
extrusion assay, the acidic pH means that the vast majority of total Rim101p in the wild-type strain is 
in the unprocessed form. If virtually all of the Rim101p is unprocessed in the wild-type then there 
would be very little difference with regard to membrane potential with respect to the rim8 mutant 
in which all of the Rim101p is unprocessed,  as a result of the absence of RIM8 which encodes a 
crucial upstream component of the Rim101 pathway. The only relatively modest increase in proton 
extrusion by the rim101 mutant compared to the wild-type may be a result of the wild-type cells 
only containing unprocessed Rim101p (as a result of the acidic extracellular pH), without any of the 
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processed form. An alternative theory may be that the increased Pma1p activity in the rim101 and 
rim8 mutants occurs through a mechanism that overlaps with a glucose-induced Pma1p activation 
pathway. Therefore, any intrinsic differences between the strains would be masked in this assay. 
Finally, the measured proton extrusion activities may accurately reflect little difference in the Pma1p 
activities of the three strains, meaning that variation in the membrane potential characteristics of 
the three strains are not dependent on altered Pma1p activity. 
Another report has highlighted the potential mechanism for Rim101 pathway activation as involving 
changes in cell surface charge. Flippase mutants (lem3 and dnf1 dnf2 mutants) exhibited an elevated 
level of Rim101p processing, which is thought to result from the mislocalisation of negatively-
charged phospholipids into the outer leaflet of the plasma membrane (Ikeda et al., 2008). These 
observations coupled with the results described in this thesis outlining a role for the Rim101 
pathway in membrane potential homeostasis strongly suggest that the Rim101 pathway may be 
activated by changes in membrane potential. 
The Rim101 pathway has been shown to couple intercellular pH signalling to sporulation patterning 
within yeast colonies (Piccirillo et al., 2010). Processed Rim101p promotes sporulation through 
repressing expression of SMP1, thereby relieving Smp1p-mediated inhibition of IME1 expression 
(Lamb et al., 2001;Li and Mitchell, 1997;Piccirillo et al., 2010). Ime1p is the master regulator of 
sporulation, inducing the expression of early sporulation genes (e.g. IME2) (Kassir et al., 1988;Smith 
et al., 1990). Expansion of the sporulation zone of yeast colonies was absent in the rim101 mutant 
(Piccirillo et al., 2010). The Rim101 pathway is thought to respond to intercellular alkaline signalling, 
mediated by bicarbonate ions which are produced by the tricarboxylic acid cycle (Ohkuni et al., 
1998;Piccirillo et al., 2010). This report has uncovered a putative role for the Rim101 pathway in 
membrane potential homeostasis, which may mean that the Rim101 pathway has a broader role in 
colony development than merely being involved in sporulation patterning. Synchronous membrane 
potential fluctuations have been observed to occur during colony development, with sharp 
depolarisations occurring at the transitions between first acidic and second alkaline and second 
alkaline and second acidic phases (Palkova et al., 2002;Palkova et al., 2009). Interestingly, Pma1p has 
been shown to not be involved in the hyperpolarisation of the membrane potential observed during 
the second alkali phase of colony development (Palkova et al., 2009). The results of this study also 
implicate weak or no dependence on Pma1p for the hyperpolarised phenotype of the rim101 and 
rim8 mutants, as seen from the only modestly elevated proton extrusion rates in these mutants 
compared to the wild type.  
In summary, deletion of RIM101 or RIM8 was found to result in the presentation of a hyperpolarised 
membrane potential. Depolarisation of the membrane potential through ablation of the proton 
motive force resulted in a more pronounced depolarisation in the rim101 mutant than in wild-type 
or rim8 mutant cells. The hyperpolarisation phenotype displayed by rim101 and rim8 mutants was 
confirmed through phenotypic screens that revealed a general sensitivity of these mutants to toxic 
cations. The basis for hyperpolarisation was hypothesised to be a pronounced elevation in the rate 
of proton extrusion from the cytosol across the plasma membrane. However, only a relatively small 
increase in Pma1p activity was observed in rim mutants.  
The hypothetical basis for the membrane potential phenotypes seen in rim101 and rim8 mutants, 
shown in Figure 4.17, suggests that the rim101 mutant has an alkalinised cytosol and acidified 
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vacuole. The rim8 mutant is also predicted to have a raised cytosolic pH and lowered vacuolar pH, 
although to a much lesser extent than the rim101 mutant. The next chapter investigates the 
cytosolic and vacuolar pH characteristics of these mutants in order to test these hypotheses and to 
establish whether there is a connection between the Rim101 pathway and intracellular pH 
homeostasis. 
 
 
Figure 4.18 Hypothetical basis for aberrant membrane potential homeostasis in rim101 and rim8 
mutants 
The membrane potential of rim101 and rim8 mutants is hyperpolarised with respect to wild-type 
cells, as shown by diS-C3(3) staining assays and hypersensitivity to toxic cations. The generation of 
this hyperpolarised membrane potential is postulated to result from increased H+ efflux from the 
cytosol. Since Pma1p activity is only modestly higher in these mutants, increased V-ATPase activity is 
predicted to occur in these mutants. The rim101 mutant appears to possess a stronger proton 
electrochemical gradient whilst exhibiting a similar magnitude of membrane potential. Therefore 
increased K+ influx through Trk channels is predicted to occur in the rim101 mutant to balance the 
heightened H+efflux from the cytosol. An alkalinised cytosolic pH and an acidified vacuolar pH are 
predicted for both mutants. The magnitude of these pH changes is predicted to be greater in the 
rim101 mutant than the rim8 mutant. 
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5. Cytosolic and vacuolar pH homeostasis 
5.1 Overview 
Chapter 3 reported that Rim101p processing is induced by application of high concentrations of K+ 
ions. The same upstream components of the Rim101 pathway were shown to be essential for both 
K+- and pH-induced cleavage of Rim101p. Rim101p processing was also observed to take place with 
similar dynamics under both stress conditions. The potassium stress was established as being 
distinct from an extracellular alkaline stress since application of 1M KCl to yeast cell culture did not 
impact on the extracellular pH of the pH-buffered media. Since both K+ and alkaline stress activate 
the Rim101 pathway, a mechanistic basis for this activation was investigated. 
The previous chapter described experiments that related to whether the Rim101 pathway may have 
a role in membrane potential homeostasis since both extracellular pH and potassium levels have a 
profound effect on membrane potential status. Membrane potential assays determined that 
deletion of RIM101 or RIM8 resulted in hyperpolarisation, a phenotype that was confirmed through 
a screen for sensitivity to toxic cations. Another cellular property that is affected by both H+ and K+ 
ions is intracellular pH. The ablation of Trk channel dephosphorylation by PPZ1 PPZ2 deletion results 
in elevated Trk channel activity, greater influx of K+ ions and a concomitant alkalinisation of the 
cytosol (Yenush et al., 2005;Yenush et al., 2002). Moreover, cytosolic alkalinisation was observed in 
mutants that lacked genes encoding plasma membrane, endosomal or Golgi K+(Na+)/H+ antiporters 
(NHA1, KHA1, NHX1) (Ramirez et al., 1998;Sychrova et al., 1999;Brett et al., 2005b).  
K+ ion homeostasis has also been shown to be associated with intracellular pH buffering capacity. K+ 
channel knockout mutants (trk1) were observed to exhibit a reduced pH buffering capacity 
(Maresova et al., 2010). Furthermore, mutants lacking ARL1, which encodes a GTPase that regulates 
Trk channel activity via Hal4p and Hal5p kinases, were also reported to have a diminished buffering 
capacity (Maresova et al., 2010;Munson et al., 2004). Moreover, the reduced intracellular pH 
buffering capacity displayed by nhx1 mutants strongly implicates a role for intracellular K+ ion 
transport in the buffering of cytosolic pH, since these mutants lack an important alkali metal 
cation/H+ antiporter (Maresova et al., 2010). 
In order to investigate whether the Rim101 pathway has a role in intracellular pH homeostasis, the 
cytosolic and vacuolar pH properties of the wild-type, rim101 and rim8 mutant strains was studied. 
The rim8 mutant was included in this investigation since the loss of the gene encoding the arrestin-
like upstream component of the Rim101 pathway, Rim8p, results in an ablation of Rim101p 
processing in response to alkaline and K+ stress (see Figure 3.2, 3.11) (Hayashi et al., 2005). 
Therefore, the behaviour of the rim8 mutant can be considered to reflect the impact of the loss of 
Rim101p processing on intracellular pH homeostasis. If the long form of Rim101p is inactive, as has 
been previously proposed, then the rim8 mutant would be expected to phenocopy the rim101 
mutant with respect to any aberrant intracellular pH behaviour. 
The cytosolic pH of the wild-type, rim101 and rim8 mutants was assessed using the pHluorin assay 
(Maresova et al., 2010;Miesenbock et al., 1998). pHluorin is a ratiometric pH-sensitive modified-GFP 
protein that is heterologously expressed in a yeast strain of interest through transformation of the 
strain with the pHluorin plasmid. The ratio of intensity of emission following excitations at 
wavelengths of 395 nm and 475 nm is dependent on pH. The rim101 and rim8 mutant were found to 
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have alkalinised cytosols with respect to wild-type cells at external pH 6 and 8 (p<0.0001). The 
rim101 mutant displayed a cytosolic pH value that was higher than that presented by rim8 mutant 
cells (p<0.001). In order to further delineate the nature of aberrant cytosolic pH homeostasis in 
these mutants, the dynamic cytosolic pH changes in response to glucose and KCl addition were 
studied. 
The vacuolar pH of the wild-type, rim101 and rim8 mutants was investigated using the BCECF-AM 
ester dye. BCECF-AM ester is an esterified fluorescein precursor that is targeted to the vacuole (Plant 
et al., 1999). Vacuolar hydrolases have been postulated to be responsible for cleaving the AM ester 
moiety, resulting in the release of the active pH-sensitive dye. Processing of BCECF-AM ester not 
only potentiates the pH-sensitive fluorescent capabilities but also traps the resultant BCECF in the 
vacuole, since it is unable to traverse membranes. CCCP, a protonophore, is included in the 
calibration buffers in order to promote free transfer of protons across cellular membranes, thereby 
helping ensure that the intracellular pH is equilibrated with that of the extracellular environment. 2-
deoxy-D-glucose is added to the calibration buffers in order to inhibit metabolic processes and 
thereby stop the intracellular pH being affected by ion transporter activity. pH values are 
equilibrated across membranes by the inclusion of a weak base, ammonium acetate, in the 
calibration buffer. The rim101 mutant was observed to display a hyperacidic vacuole with respect to 
wild-type cells at external pH 4 (p < 0.001). Whilst the vacuolar pH of the rim101 mutant was 
observed to generally present a hyperacidic vacuole at external pH 6 and 8, the difference was not 
statistically significant. The rim8 mutant presented a vacuolar pH that was virtually indistinguishable 
from that of wild-type cells. Vacuolar pH changes in response to glucose and KCl treatments were 
investigated in order to further characterise vacuolar pH homeostasis in the rim101 and rim8 
mutants. The rim101 and rim8 mutants displayed vacuolar alkalinisation in response to glucose 
addition, although to a lesser extent than that observed in wild-type cells. The effect of KCl 
administration was more complex and resulted in changes that were dependent on extracellular pH 
and whether RIM101 or RIM8 were deleted. 
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5.2 Materials and methods 
5.2.1 Cell culture 
Yeast cell cultures were grown in 10ml YPD (2% (w/v) glucose, 2% (w/v) bacteriological peptone, 1% 
(w/v) yeast extract) overnight at 30oC, with shaking at 180 rpm. The cultures were then diluted in 
YPD to an OD600 of 0.2 and incubated at 30
oC, with shaking at 180 rpm, until an OD600 of 0.6 was 
reached. 
5.2.2 pHluorin plasmid preparation and transformation  
Transformation of E. coli with the pHluorin plasmid was conducted by a heat shock method as 
described in (Mandel and Higa, 1970). Approximately 50ng pHl-U plasmid DNA was added to 50µl 
competent E. coli cells and the mixture was incubated for 20 min on ice. The cells were then treated 
with a 42oC heat shock for 45s, after which they were incubated on ice for 2 min. 950µl LB was 
added to the cells and the culture was then incubated for 1h at 37oC, with shaking. Subsequently, 
100µl of the culture was added to solid LB plates that contained ampicillin (final concentration of 
100µg/ml).  
Yeast strains were transformed with the purified pHl-U plasmid according to an altered version of a 
previously described protocol (Ito et al., 1983). Briefly, sperm DNA was boiled for 5 min and 
subsequently chilled on ice. The pHl-U plasmid was added to a yeast transformation mix comprising 
sperm DNA, 10mM Tris-HCl (pH 7.5), 0.1M lithium acetate and 0.0025mM EDTA (pH8). A yeast 
colony was then added to the mix, agitated vigorously, and left at room temperature for 16-20 
hours. The transformation mix was then spread on solid media selective for uracil auxotrophy. The 
plates were incubated in a static incubator at 30oC for 2-5 days. 
5.2.3 Intracellular pH assay 
The intracellular pH assay used was modified from that described in (Maresova et al., 2010). Mid-
exponential cell cultures were washed twice in distilled water. Cell pellets were then resuspended in 
calibration and test (citrate-phosphate) buffers. The calibration buffers (200mM ammonium acetate, 
50mM HEPES, 50mM MES, 50mM NaCl, 50mM KCl, 10mM 2-deoxy-D-glucose, 10mM sodium azide) 
were adjusted to a range of pH values using NaOH or HCl. Test buffers were prepared by dissolving 
30mM dibasic potassium phosphate in distilled water and adjusting the pH to a range of  values 
using citric acid. 
Eight replicates for each calibration and test condition comprising 100µl cell suspension were loaded 
into a 96-well microplate. Each well contained approximately the same number of cells, with a final 
OD600 of 0.3-0.5. Negative controls consisted of two replicates of 100µl of each buffer containing the 
same amount of the identical strain which had not been transformed with the pHl-U plasmid. 
A SynergyHT microplate reader (Biotek) was used to measure the emission fluorescence at 528 nm 
(528/20 nm filter) of all the samples and controls following excitations at 400 nm (400/30 nm filter) 
and 485 nm (485/20 nm filter). 
GraphPad Prism software (GraphPad, USA) was used to construct the calibration curve from the 
fluorescence data obtained from the calibration samples. This software was then used to interpolate 
the intracellular pH values of the experimental test wells on the basis of the calibration curve.  
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5.2.4 Vacuolar pH assay 
Mid-exponential cell cultures were loaded with BCECF-AM ester dye (final concentration of 50µM). 
Cultures were then incubated with shaking for 30 min, at 30oC. Cells were subsequently pelleted 
(3000g, 2 min) and washed in deionised water. Cell pellets were then resuspended in calibration and 
test (citrate-phosphate) buffers. The calibration buffers (200mM ammonium acetate, 50mM HEPES, 
50mM MES, 50mM NaCl, 50mM KCl, 10mM 2-deoxy-D-glucose, 10mM sodium azide, 50µM CCCP) 
were adjusted to a range of pH values using HCl or NaOH. Test buffers were prepared by dissolving 
30mM dibasic potassium phosphate (K2HPO4) in distilled water and adjusting the pH to a range of 
desired values using citric acid. 
Eight replicates consisting of 100µl of cell suspension were added to a 96-well microplate for each 
test and calibration condition. Negative controls consisted of two replicates of 100µl of each buffer 
containing the same amount of the identical strain which had not been loaded with BCECF-AM ester 
dye. 
A SynergyHT microplate reader (Biotek) was used to measure the emission fluorescence of the 
samples and controls at 530 nm (530/25 nm filter) in response to excitation at 485 nm (485/20 nm 
filter). Fluorescent intensity was normalised to the OD600 values, which were also obtained using the 
plate reader. 
Calibration curves were constructed from the fluorescence values obtained from the calibration 
wells using GraphPad Prism software (GraphPad, USA). This software was then used to interpolate 
the vacuolar pH values of the experimental test wells based on the calibration curves.  
5.2.5 Fluorescent microscopy 
Cells were grown in YPD to mid-exponential growth phase (OD600 value = 0.6) at 30
oC with shaking at 
180 rpm.  BCECF-AM ester dye was added to a final concentration of 50µM and the cultures were 
incubated for a further 30 min at 30oC with shaking at 180 rpm. Cultures were pelleted (3000 rpm, 3 
min), washed with deionised water, and resuspended in citrate-phosphate buffers (pH 6 and pH 8). 
An Axiovert 200 (Zeiss, Germany) inverted microscope, controlled by Volocity (Improvision, UK) 
image acquisition software. 
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5.3 Results 
5.3.1 Cytosolic pH of WT, rim101, rim8 at range of extracellular pH values 
The model presented at the end of the previous chapter (see Figure 4.17) predicts that the rim101 
and rim8 mutant strains possess an alkalinised cytosolic pH compared to the wild-type strain. In 
order to test this prediction, the pHluorin plasmid was employed to determine the cytosolic pH of 
wild-type, rim101 and rim8 strains over a range of conditions. The cytosolic pH homeostasis of these 
rim mutants was also investigated since potassium and extracellular alkaline pH have been shown to 
activate the Rim101 pathway (see Figures 3.1 and 3.9). High potassium and extracellular alkalinity 
have previously been shown to influence cytosolic pH homeostasis (Maresova et al, 2010), and so 
the observation that these conditions activate the Rim101 pathway suggests that this signalling 
pathway may control some aspects of cytosolic pH homeostasis. 
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Figure 5.1 Typical pHluorin calibration curves obtained for wild-type, rim101 and rim8 strains 
Mid-exponential phase cultures of wild-type, rim101 and rim8 strains transformed with the pHluorin 
plasmid were washed and resuspended in calibration buffers adjusted to a range of pH values. The 
emission intensity at 530 nm was recorded at excitations of 400 nm and 485 nm. The background 
was removed by subtracting the emission intensities of the respective strain that was not 
transformed with the pHluorin plasmid. Each point represents the average of eight technical 
replicates, with the error bars representing the standard deviation. 
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The pHluorin system was used to investigate cytosolic pH homeostasis in wild-type, rim101 and rim8 
strains. Callibration curves were obtained using octuplet replicates of each strain in calibration 
buffers at five different fixed pH values. Typical calibration curves are displayed in Figure 5.1 and are 
consistent with those recorded previously in S. cerevisiae (Maresova et al, 2010). Further 
investigation is required to determine why the ratio is approximated 3-fold smaller in the wild-type 
strain. However, since the calibration curve was highly reproducible, it can be reasonably used to 
determine the cytosolic pH of the wild-type strain. 
At extracellular pH 6, the rim101 mutant presents a cytosolic pH that is dramatically alkalinised with 
respect to wild-type cells (see Figure 5.2). The rim101 mutant has a cytosolic pH that is 
approximately 0.72 pH units higher than wild-type cells (pH 6.80±0.17 compared to pH 6.08±0.17, 
p<0.0001). The rim8 mutant also exhibits an alkalinised cytosol compared to the wild-type strain at 
external pH 6, although the magnitude of this alkalinisation is less than that seen in rim101 mutant 
cells. The rim8 mutant presents a cytosolic pH of 6.57±0.23, which is approximately 0.49 pH units 
higher than that observed in wild-type cells (p<0.0001). The rim101 mutant cytosolic pH is 0.23 pH 
units greater than that seen in the rim8 mutant (p<0.001). 
The rim101 mutant also displays an alkalinised cytosol compared to wild-type cells at external pH 8 
(see Figure 5.2). The rim101 mutant presents a cytosolic pH that is approximately 0.77 pH units 
higher than wild-type cells (pH 7.20±0.21 compared to pH 6.43±0.20, p<0.0001). As was observed at 
external pH 6, the rim8 mutant displays a cytosolic pH which is alkalinised with respect to wild-type 
cells at external pH 8. The magnitude of the cytosolic alkalinisation seen in rim8 mutant cells is less 
than that of rim101 mutant cells. The rim8 mutant presents a cytosolic pH value that is 
approximately 0.46 pH units higher than wild-type cells (pH 6.89±0.07) (p<0.0001). The rim101 
mutant displays a cytosolic pH value that is 0.31 pH units higher than that observed in the rim8 
mutant (p<0.0001). 
The cytosolic pH of all three strains was observed to be increased by approximately the same 
amount (0.32-0.40 pH units) at external pH 8 compared with external pH 6 (see Figure 5.2). 
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Figure 5.2 The rim101 and rim8 mutant strains present an alkalinised cytosol 
Mid-exponential cells were incubated in citrate-phosphate buffer (pH 6 and 8) for 30 mins. Emission 
intensity at 530 nm was then recorded following excitation at 400 nm and 485 nm. Cytosolic pH was 
calculated from calibration curves after background values were subtracted (obtained from cells that 
were not transformed with the pHluorin plasmid).The rim101 mutant was observed to have a 
strongly alkalinised cytosol with respect to wild-type cells. The rim8 mutant is also seen to have a 
higher cytosolic pH compared to wild-type cells, but the phenotype is weaker than that seen with the 
rim101 mutant. All three strains exhibited a modest increase in cytosolic pH in response to alkaline 
stress (pH 8). The graphs show the average of three independent experiments, each comprising eight 
replicates. The variation of the data shown by whiskers is the standard error of the mean. Unpaired 
two-tailed T-test p-values, with Bonferroni correction, are represented by * (p < 0.025). 
 
5.3.2 Changes in cytosolic pH of WT, rim101, rim8 in response to glucose and K+ addition 
The results described above clearly indicate that the rim101 and rim8 mutants present an alkalinised 
cytosol. In order to determine whether the mechanistic basis for this elevated cytosolic pH involves 
altered plasma membrane H+-ATPase or alkali metal ion transporter activity, the changes in cytosolic 
pH in response to glucose and K+ addition were characterised. Glucose addition is thought to 
promote H+ ion export from the cell via enhanced Pma1p activity. K+ addition has also been 
previously shown to result in cytosolic alkalinisation in wild-type cells (Maresova et al, 2010). 
Wild-type cells display a cytosolic alkalinisation in response to the addition of 50mM glucose (see 
Figure 5.3). The cytosolic pH of the wild-type strain prior to glucose addition is observed to rise with 
increasing external pH. The initial readings following glucose addition presented a progressively 
greater cytosolic alkalinisation with increasing external pH. At all external pH values tested, the peak 
cytosolic pH value was recorded after 18 minutes. The overall alkalinisation that was seen to occur 
between the baseline and the peak readings was broadly similar at external pH 4 and 6 (1.86 and 
1.94 pH units, respectively). At external pH 8, the cytosolic alkalinisation that occurred within the 
first 18 minutes following glucose addition was smaller than that seen at acidic external pH values 
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(1.58 pH units). The onset of glucose-induced cytosolic alkalinisation at extracellular pH 8 was seen 
to occur earlier than at acidic extracellular pH values, with ~21% of total cytosolic alkalinisation 
having occurred by the initial recording following glucose addition.  
The cytosolic pH of the wild-type is observed to acidify in response to 50mM KCl addition at all 
external pH values (see Figure 5.4). The KCl was administered 30 minutes after glucose was applied 
and the first recording was carried out within one minute post-KCl addition.   The control and KCl-
treated cells were observed to display cytosolic pH fluctuations over the 27 minute period following 
the initial post-glucose application reading. At all time-points the KCl-treated cells were found to 
display an acidified cytosol compared to control cells.  
The rim101 mutant displays a rapid alkalinisation of its cytosol in response to the addition of 50mM 
glucose at all external pH values tested (see Figure 5.3).  The initial cytosolic pH reading, which is 
recorded within one minute following glucose addition, showed less alkalinisation at alkaline 
external pH values. At all external pH values tested, the peak cytosolic pH value was recorded after 
nine minutes (earlier than the peak at 18 minutes observed for wild-type cells). The magnitude of 
the cytosolic alkalinisation that occurred between the initial post-glucose addition reading and nine 
minutes later was also seen to depend on external/cytosolic pH, with progressively less cytosolic 
alkalinisation observed as the external pH was increased. The smallest cytosolic alkalinisation was 
observed at external pH 8, as was seen in wild-type cells. The span of cytosolic pH values seen over 
the range of external pH values tested at the peak of glucose-induced cytosolic alkalinisation is 
significantly less than that seen prior to glucose addition, 0.20 and 0.52 pH units, respectively. 
Following the peak alkalinisation recorded after nine minutes, the cytosol of the rim101 mutant was 
seen to slightly acidify in the two subsequent nine-minute periods. Cytosolic acidification was also 
observed in the wild-type following attainment of a peak cytosolic value.  
The cytosolic pH of the rim101 mutant is observed to modestly and transiently alkalinise in response 
to 50mM KCl addition at external pH 4 (see Figure 5.4). The KCl was administered 30 minutes after 
glucose was applied and the first recording was carried out within one minute post-KCl addition. At 
subsequent time-points, the cytosolic pH of cells that were in the presence of KCl was virtually 
indistinguishable from that of cells that had no KCl added. A modest cytosolic acidification was 
observed in both the KCl-treated and control groups of cells. At external pH 6, a similar trend for 
cytosolic pH changes in response to KCl addition was observed (see Figure 5.4). Modest transient 
KCl-induced cytosolic alkalinisation, followed by acidification of a magnitude that is indistinguishable 
from control cells, is seen at both external pH 4 and 6. 
At external pH 8, the rim101 mutant was seen to respond to KCl addition in a different manner to 
that at acidic external pH values (see Figure 5.4). The cytosol of KCl-treated cells is seen to be 
dramatically alkalinised with respect to control cells, presenting a cytosolic pH of 8.45±0.25 
compared to pH 8.26±0.25 seen in cells with no KCl administered. Cytosolic acidification occurs in 
both the KCl-treated and control cells over the subsequent 27 minutes. However, the cytosolic pH 
presented by KCl-treated cells remains significantly more alkaline than that of control cells.  
The rim8 mutant exhibited a swift cytosolic alkalinisation in response to the application of 50mM 
glucose at all external pH values tested (see Figure 5.3).  The cytosolic pH presented by the rim8 
mutant is seen to be progressively higher with increasing extracellular pH. However, the magnitude 
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of the cytosolic alkalinisation in the initial reading post-glucose addition was comparable across the 
range of external pH values tested. As was observed in the rim101 mutant, the peak cytosolic pH 
value was recorded after nine minutes at all external pH values tested. The rim101 mutant displayed 
a strict dependence on external pH with regard to the size of the alkalinisation observed in the first 
nine-minute period.  Whilst the rise in cytosolic pH in the first nine minutes was greatest at the most 
acidic external pH tested (pH 4), with an increase of 0.15 pH units, the size of the alkalinisations 
presented at pH 6 and pH 8 in the first nine minutes were indistinguishable, both showing an 
increase of 0.10 pH units. A very slight cytosolic acidification was then observed over the subsequent 
18 minutes at all external pH values tested. Thus, a transient alkalinisation followed by acidification 
of the cytosol was exhibited by wild-type, rim101 and rim8 mutant cells in response to glucose 
addition. 
The cytosolic pH presented by the rim8 mutant is observed to modestly and transiently alkalinise in 
response to 50mM KCl addition at external pH 4 and 6 (see Figures 5.4). The cytosolic pH is seen to 
acidify following the initial elevated cytosolic pH observed post-KCl addition, with respect to control 
cells. The KCl-treated cells displayed a cytosolic pH that was lower than control cells for all 
subsequent time points. Whilst KCl-treated rim8 mutant cells were seen to present acidified 
cytosolic pH values at external pH 8, as was seen from 9 minutes post-KCl addition at acidic external 
pH values, no initial transient cytosolic alkalinisation was observed (see Figure 5.4). 
 
 Wild-type rim101 rim8 
Increasing external pH pHc increase pHc increase pHc increase 
Glucose addition pHc increases to peak 
at 18 mins then 
decreases 
pHc increases to peak 
at 9 mins then 
decreases 
pHc increases to peak 
at 9 mins then 
decreases 
KCl addition pHc fluctuates, always 
lower than pHc of 
untreated cells 
pHc initially transiently 
elevated then 
decreases 
pHc initially transiently 
elevated then 
decreases 
Table 5.1 Summary of cytosolic pH changes in response to increasing external pH, glucose and KCl 
addition in wild-type, rim101 and rim8 strains 
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Figure 5.3 Time course of cytosolic pH changes in response to addition of 50mM glucose in wild-
type, rim101 and rim8 cells at external pH 4, 6 and 8 
Glucose-induced alkalinisation is observed to occur more rapidly in the rim101 and rim8 mutants compared to 
the wild-type strain. Baseline recording was conducted immediately prior to glucose/KCl addition.Each bar 
represents the data from three independent experiments comprising eight technical replicates each. The error 
bars represent standard deviation. Unpaired two-tailed T-test p-values, with Bonferroni correction, are 
represented by * (p < 0.025). 
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Figure 5.4 Time course of cytosolic pH changes in response to addition of 50mM KCl in WT, rim101 
and rim8 cells at external pH 4, 6 and 8 
Baseline recording was conducted immediately prior to glucose/KCl addition. Each bar represents the 
data from three independent experiments comprising four technical replicates each.The error bars 
represent standard deviation. Unpaired two-tailed T-test p-values, with Bonferroni correction, are 
represented by * (p < 0.025). 
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5.3.3 Fluorescent microscopy images of sequestration of BCECF-AM ester dye to vacuole  
The results above show aberrant cytosolic pH homeostasis in rim mutants. Since vacuolar pH is 
tightly connected to cytosolic pH regulation, the characteristics of vacuolar pH homeostasis in wild-
type, rim101 and rim8 mutant cells were delineated. In order to confirm that the method intended 
to be used for vacuolar pH determination was appropriate for these strains, fluorescent microscopy 
was employed to ensure that the BCECF-AM ester dye was indeed sequestered to the vacuole (see 
Figure 5.5).  
 
 
Figure 5.5 BCECF-AM ester dye accumulates in the vacuole of the WT strain 
Mid-exponential cells were incubated with 50µM BCECF-AM ester dye for 30 mins and were then 
pelleted and resuspended in citrate-phosphate buffer. Microscopy images were acquired 30 minutes 
following resuspension. Scale bar represents 2µm. The left-hand column displays images of the yeast 
using differential interference constrast microscopy. The right-hand column shows the same cells 
viewed using fluorescent microscopy at 480 nm (GFP channel). 
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5.3.4 Vacuolar pH of WT, rim101, rim8 at range of extracellular pH values 
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Figure 5.6 Typical vacuolar pH calibration curves obtained for WT, rim101 and rim8 strains 
Mid-exponential cells were incubated with 50 µM BCECF-AM ester dye for 30 mins. Cell cultures were 
then pelleted and resuspended in calibration buffers. Emission intensity at 530 nm following 
excitation at 485 nm was recorded in octuplet replicates for each calibration buffer.The intensities 
were normalised for cell density and background readings obtained from control cells (no dye 
loading) were subtracted from the normalised intensities. Each point represents the average of eight 
technical replicates, with the error bars representing the standard deviation. 
The rim101 mutant displays a hyperacidic vacuole (pH 3.82±0.49, compared to wild-type vacuolar pH 
of 4.42±0.41) in an extracellular pH 4 environment (see Figure 5.7). The vacuolar pH of the rim101 
mutant is also significantly more acidic than that presented by the rim8 mutant in this milieu (pH 
4.30±0.60). The rim8 mutant did not exhibit a vacuolar pH that was significantly different from that 
of the wild-type strain. At external pH 6, the rim101 mutant appears to present a more acidic 
vacuole than wild-type cells (pH 4.53±0.80, compared to wild-type vacuolar pH of 4.80±0.15) (see 
Figure 5.7). However, the difference in vacuolar pH is less apparent than at external pH 4 and the 
considerable variation observed within the data for the rim101 mutant means that the difference is 
not of statistical significance. The rim8 mutant presents a slightly alkalinised vacuole (pH 4.94±0.28) 
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at external pH 6. No statistically significant vacuolar pH deviations were observed in the rim101 and 
rim8 mutants with respect to wild-type vacuolar pH at extracellular pH 8 (see Figure 5.7). However, 
the rim101 mutant did appear to present a slightly hyperacidic vacuole (pH 5.60±0.39, compared to 
wild-type vacuolar pH of 5.75±0.09). The rim8 mutant exhibited a vacuolar pH that was virtually 
indistinguishable from that of wild-type cells (pH 5.67±0.19). 
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Figure 5.7 The rim101 mutant presents a hyperacidic vacuole 
Mid-exponential cells were loaded with 50µM BCECF-AM ester dye and incubated for 30 mins. Cells 
were then washed and resuspended in citrate-phosphate buffers. Vacuolar pH measurements were 
determined through using calibration curves and normalised emission intensity readings at 530 nm 
following excitation at 485 nm. The rim101 mutant presents an acidified vacuole with respect to 
wild-type cells. The rim8 mutant displays a vacuolar pH that is virtually indistinguishable from that of 
wild-type cells. These phenotypes are seen across the broad range of extracellular pH values tested. 
The graphs show the average of three independent experiments, each comprising eight replicates. 
The variation of the data shown by whiskers is the standard error of the mean. Unpaired two-tailed 
T-test p-values, with Bonferroni correction, are represented by * (p < 0.025). 
All three strains showed progressive alkalinisation of vacuolar pH with increasing external pH (see 
Figure 5.7). Vacuolar pH appeared to be most tightly regulated in wild-type cells, but considerable 
changes in vacuolar pH were still observed. The transition from pH 4 to pH 6 resulted in comparable 
alkalinisation of rim101 and rim8 mutants, approximately 0.71 and 0.65 pH units, respectively. 
However, the wild-type vacuolar pH was only 0.38 pH units higher at external pH 6 than at external 
pH 4. Wild-type and rim101 mutant vacuoles exhibited a similar magnitude of alkalinisation at 
external pH 8 with respect to external pH 6, approximately 0.94 and 1.06 pH units respectively. The 
difference in vacuolar pH of rim8 mutant cells at external pH 6 and 8 was somewhat less dramatic 
than that seen in wild-type and rim101 mutant cells, with vacuoles presenting a pH of only 0.72 pH 
units higher at external pH 8 than at pH 6. In all three strains the vacuolar pH was significantly more 
alkalinised at external pH 8 compared with pH 6 than at external pH 6 with respect to pH 4. With 
regard to the increase in vacuolar pH at extracellular pH 8 compared with pH 4, wild-type and rim8 
mutant cells presented a similar degree of alkalinisation, approximately 1.32 and 1.37 pH units, 
respectively. The rim101 mutant was observed to display a much greater difference between its 
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vacuolar pH at external pH 8 and pH4, approximately 1.77 pH units. The greater vacuolar pH range 
seen for the rim101 mutant is primarily a consequence of the dramatically hyperacidic vacuole seen 
at external pH 4 (see Figure 5.7). 
5.3.5 Changes in vacuolar pH of WT, rim101, rim8 in response to glucose and K+ 
The rim101 mutant was shown above to present an acidified vacuole with respect to wild-type cells 
over a broad range of external pH values. Since an aberrant vacuolar pH phenotype was apparent in 
this mutant strain, which suggests altered vacuolar ion transporter activity, the changes in vacuolar 
pH in response to glucose and potassium addition were characterised in wild-type and rim mutant 
strains. The rationale for these experiments was to determine whether the H+-ATPase and alkali 
metal/H+ antiporters on the vacuolar membrane displayed similar characteristics in the rim101 
mutant compared to the wild-type strain.  
At all external pH values tested, the wild-type strain exhibits a vacuolar alkalinisation in the first five 
minutes (0.20-0.35 pH units) following addition of 50mM glucose (see Figures 5.8-5.10). After a 
further five minutes, the vacuolar pH was observed to rise by 0.11-0.14 pH units less than in the first 
five minutes. Application of 50mM KCl affected vacuolar pH in a manner that was dependent on 
external pH, with induction of alkalinisation and acidification at external pH 4 and 6, respectively. KCl 
addition had no impact on vacuolar pH at external pH 8. 
The rim101 mutant was also observed to display vacuolar alkalinisation in the first five minutes 
(0.09-0.28 pH units) following addition of 50mM glucose, with alkalinisation progressing in the 
subsequent five minutes (0.12-0.26 pH units) (see Figures 5.8-5.10). The vacuolar pH was also seen 
to change in response to KCl addition in a pH-dependent manner, although the nature of this pH-
dependence was different from that observed in the wild-type strain. 50mM KCl addition resulted in 
a slight vacuolar acidification of 0.05-0.07 pH units at external pH 4 and 8. At extracellular pH 6, KCl 
application appeared to have no effect on vacuolar pH. 
The rim8 mutant presented vacuolar alkalinisation in response to glucose addition, as was seen in 
the wild-type and rim8 mutant strains (see Figures 5.8-5.10). However, at external pH 4, a curious 
transient vacuolar acidification was observed. Addition of 50mM KCl at extracellular pH 4 and 6 
resulted in an acidification of the vacuole by 0.18-0.27 pH units. At external pH 8, a slight vacuolar 
alkalinisation of 0.06 pH units was observed. 
In summary, the wild-type and rim mutant strains all displayed vacuolar alkalinisation in response to 
glucose addition (see Table 5.1). The response to potassium addition appeared to be dependent on 
strain and external pH, with vacuolar alkalinisation and acidification being observed under different 
conditions. However, the effect of potassium application was generally not statistically significant. 
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Figure 5.8 Effect of glucose addition on vacuolar pH of wild-type, rim101 and rim8 strains at 
extracellular pH 4 
Alkalinisation of WT vacuolar pH is observed in response to 50 mM glucose, 5 minutes after addition. 
Vacuolar pH increases further after another 5 minutes. The graph shows the average of three 
independent experiments, each comprising eight replicates. The data sets for 10 minutes post-
glucose and 5 minutes post-KCl addition are composed of three sets of four replicates. The variation 
of the data shown by whiskers is the standard error of the mean. Unpaired two-tailed T-test p-values, 
with Bonferroni correction, are represented by * (p < 0.025). 
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Figure 5.9 Effect of glucose addition on vacuolar pH of wild-type, rim101 and rim8 strains at 
extracellular pH 6 
Alkalinisation of WT vacuolar pH is observed in response to 50 mM glucose, 5 minutes after addition. Vacuolar 
pH increases further after another 5 minutes. The graph shows the average of three independent experiments, 
each comprising eight replicates. The data sets for 10 minutes post-glucose and 5 minutes post-KCl addition are 
composed of three sets of four replicates. Error bars depict the standard error of the mean. Unpaired two-tailed 
T-test p-values, with Bonferroni correction, are represented by * (p < 0.025). 
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Figure 5.10 Effect of glucose addition on vacuolar pH of wild-type, rim101 and rim8 strains at 
extracellular pH 8 
Alkalinisation of WT vacuolar pH is observed in response to 50 mM glucose, 5 minutes after addition. 
Vacuolar pH increases further after another 5 minutes. The graph shows the average of three 
independent experiments, each comprising eight replicates. The data sets for 10 minutes post-
glucose and 5 minutes post-KCl addition are composed of three sets of four replicates. Error bars 
depict the standard error of the mean. Unpaired two-tailed T-test p-values, with Bonferroni 
correction, are represented by * (p < 0.025). 
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 Effect of glucose:        
First five minutes 
Effect of glucose: 
Second five minutes 
Effect of KCl 
External pH 4 
Wild-type +0.21 +0.07 +0.12 
rim101 mutant +0.15 +0.09 -0.07 
rim8 mutant -0.17 +0.26 -0.27 
External pH 6 
Wild-type +0.24 +0.10 -0.09 
rim101 mutant +0.09 +0.12 +0.02 
rim8 mutant +0.07 +0.10 -0.18 
External pH 8 
Wild-type +0.35 +0.24 -0.03 
rim101 mutant +0.28 +0.26 -0.05 
rim8 mutant +0.34 +0.17 +0.06 
 
Table 5.2 Summary of vacuolar pH changes in response to glucose and KCl addition in wild-type, 
rim101 and rim8 strains 
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5.4 Discussion 
The rim101 and rim8 mutants are observed to display significantly higher intracellular pH values than 
wild-type cells at external pH 6 and 8 (see Figure 5.2). This result suggests a similar role for the 
Rim101 pathway in S. cerevisiae as has recently been reported in Ustilago maydis (Fonseca-Garcia et 
al., 2012). The rim13 mutant was reported to present an alkalinised intracellular pH compared to 
wild-type cells (Fonseca-Garcia et al., 2012). The rim13 mutant was also observed to exhibit greater 
changes in intracellular pH in response to alkalinisation of the extracellular medium. The cytosolic 
alkalinisation observed in the rim13 mutant was attributed to an elevated level of PMA1 expression 
in the mutant compared to wild-type (Fonseca-Garcia et al., 2012). 
A model of a hypothetical mechanistic basis for the role of Rim101p in cytosolic pH homeostasis can 
be found in Figure 5.13. The model predicts that both the processed and unprocessed forms of 
Rim101p inhibit Pma1p activity, with the short form exerting a more pronounced level of repression 
of Pma1p activity. Since Rim101p has been shown to have little influence on the expression of 
PMA1, this regulation would be likely to occur via post-translational modification. The 
phosphorylation of Ser899, Ser911 and Thr912 residues within the inhibitory C-terminal tail of 
Pma1p have been shown to be crucial to glucose-induced activation of Pma1p (Portillo et al., 
1991;Lecchi et al., 2007). In order to determine whether phosphorylation of these residues 
contribute to the alkalinised cytosol observed in the rim101 and rim8 mutants, site-directed 
mutagenesis could be employed. Mutagenesis of these residues in the rim101 and rim8 mutants 
may result in a reduction in Pma1p activity to wild-type levels concomitant with a fall in cytosolic pH.  
Rim101p may act to prevent stimulatory phosphorylation of Pma1p via the inhibition of Ptk2p or 
Hrk1p protein kinase activity (Goossens et al., 2000). This hypothesis could be tested by assessing 
whether deletion of PTK2 and/or HRK1 results in suppression of the cytosolic alkalinisation 
phenotype displayed by rim101 and rim8 mutants. Moreover, Northern blot analysis could be 
conducted in order to determine whether the expression level of PTK2 and/or HRK1 is elevated in 
rim101 and rim8 mutants with respect to wild-type cells. Western blot analysis could also be 
conducted to determine the levels of HA-tagged Ptk1p and Hrk1p within rim mutants. 
The post-translational regulation of Pma1p activity exerted by Rim101p may instead be as a result of 
promoting inhibitory phosphorylation of Ser507 (Estrada et al., 1996). Site-directed mutagenesis of 
this residue in the wild-type may result in a rise in Pma1p activity to the level displayed by the 
rim101 mutant, concomitant with a comparably alkalinised cytosolic pH. Rim101p may act to 
promote phosphorylation of Ser507 through stimulating Yck1/2p (Estrada et al., 1996). This 
hypothesis could be tested by assessing whether deletion of YCK1 and YCK2 results in cytosolic 
alkalinisation in the wild-type and overexpression of these casein kinase-encoding genes suppresses 
the cytosolic alkalinisation phenotype displayed by rim101 and rim8 mutants. Northern and Western 
blot analyses could be utilised to determine whether the expression of YCK1 and/or YCK2 or the 
protein levels of HA-tagged Yck1p and/or Yck2p are reduced in the rim101 and rim8 mutants. 
A further possible mechanism by which Rim101p inhibits Pma1p activity may be through inhibiting 
Pma1p targeting to, or retention in, the plasma membrane. GFP-tagging of Pma1p in the rim101 and 
rim8 mutants would enable fluorescent microscopy to be conducted to see whether there is an 
enrichment of Pma1p in the plasma membrane compared to the levels observed in wild-type cells. 
Mistargeting of Pma1p has previously been described to be one of the primary reasons for reduced 
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Pma1p acitivity within vma mutants (Perzov et al., 2000). 
 
Figure 5.11 Proposed model of mechanistic basis for the role of Rim101p in cytosolic pH 
homeostasis 
Both forms of Rim101p repress Pma1p activity, with the short form imposing a stronger level of 
inhibition on Pma1p than that exerted by the long form. Rim101p may also inhibit the V-ATPase and 
promote H+/alkali metal cation exchange via the antiporters in the vacuolar, endosomal and plasma 
membranes. Deletion of RIM8 results in a partial relief of Pma1p inhibition since the capacity for 
Rim101p processing has been ablated, leading to an alkalinised cytosol. The rim101 mutant exhibits 
a stronger derepression of Pma1p activity and may present disinhibition of the V-ATPase and 
repression of H+/alkali metal cation antiporters. These changes to ion transporter activities result in 
the rim101 mutant displaying an alkalinised cytosol with respect to the rim8 mutant. 
 
Rim101p may influence cytosolic pH homeostasis through promotion of alkali metal cation/H+ 
exchange by Nha1p, Nhx1p, Vnx1p or Vcx1p (see Figure 5.11). The pHluorin plasmid could be utilised 
to investigate whether deletion of any of the genes encoding these antiporters suppresses the 
cytosolic alkalinisation phenotype presented by the rim101 and rim8 mutants. Northern blot analysis 
could be conducted to determine whether the expression of any of the genes that encode these 
transporters is reduced in rim101 and rim8 mutants. Western blot analysis could be employed to 
assess whether there is a reduced HA-tagged protein level of any of these antiporters in rim 
mutants. GFP-tagging of these proteins would enable an investigation into whether deletion of 
RIM101 and/or RIM8 leads to mistargeting of these alkali metal cation/H+ exchangers.  
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With regard to post-translational regulation, Nha1p is the best characterised. The C-terminal domain 
of Nha1p has been shown to be vital for both Hog1p- and Cos3p-mediated regulation (Kinclova-
Zimmermannova and Sychrova, 2006;Mitsui et al., 2004). This C-terminal domain could be deleted in 
rim101 and rim8 mutants and the pHluorin plasmid could then be employed to determine whether 
cytosolic pH had lowered as a result. An intriguing possibility that could be tested is the reduction in 
Nha1p activity in rim101 and rim8 mutants as a result of enhanced Gyp6p activity. Overexpression of 
GYP6 has previously been shown to increase hygromycin B sensitivity, acidify the vacuole and 
hyperpolarise the membrane potential – phenotypes that are all displayed by the rim101 mutant (Ali 
et al., 2004). The pHluorin plasmid could be utilised to investigate whether GYP6 deletion suppresses 
the cytosolic alkalinisation phenotype presented by the rim101 mutant. 
A hyperacidic vacuole is seen in the rim101 mutant with respect to the wild-type strain (see Figure 
5.7). However, the rim8 mutant presents a vacuole with an intravacuolar pH that is indistinguishable 
from that of the wild-type. One possible explanation for these observations is that the long form of 
Rim101p may act to inhibit V-ATPase proton-pumping activity. Therefore, deletion of RIM101 would 
result in the derepression of the V-ATPase, resulting in the observed hyperacidic vacuole. However, 
deletion of RIM8 mutant results in an ablation of Rim101p signalling, resulting in levels of repression 
of the V-ATPase that are similar to the wild-type as the full-length form of Rim101p is present 
(Hayashi et al., 2005). At pH 8, total Rim101p is seen to be virtually all in the processed form in the 
wild-type strain (see Figure 3.1). Therefore, the observation that even at pH 8 the wild-type and rim8 
mutants display almost identical intravacuolar pH values, despite all of the Rim101p protein being 
processed in the wild-type and unprocessed in the rim8 mutant, needs to be explained. Perhaps 
both the unprocessed and processed forms of Rim101p are able to repress acidification of the 
vacuole. This would explain why the wild-type and rim8 mutant display virtually identical vacuolar 
pH values across all extracellular pH values tested, despite the wild-type containing increasingly 
higher proportions of processed to unprocessed forms of Rim101p with increasing extracellular pH.  
Application of a V-ATPase inhibitor (e.g. concamycin A) could be used to test the hypothesis that 
enhanced V-ATPase activity in the rim101 mutant contributes towards an alkalinised cytosolic pH. A 
fall in cytosolic pH towards levels observed in the wild-type would suggest that disinhibited V-
ATPase activity may be partly responsible for the alkalinised cytosol apparent following RIM101 
deletion. Western blot analysis of HA-tagged V-ATPase subunits in the rim101 mutant can be used to 
confirm whether there is an enhanced level of these proteins as a result of RIM101 deletion. 
Fluorescent microscopy could be employed to localise GFP-tagged V-ATPase subunits in the rim101 
mutant, in order to determine whether there is enrichment at the vacuolar membrane with respect 
to the level seen in wild-type cells. 
An alternative explanation for the hyperacidic vacuole observed in the rim101 mutant is that the 
long and short forms of Rim101p promote the activity of the alkali metal cation/H+ antiporters in the 
vacuolar membrane (Vnx1p and Vcx1p). Enhanced Vnx1p and/or Vcx1p activity would be expected 
to result in increased H+/K+ exchange, leading to a higher vacuolar pH than that seen in the rim101 
mutant where enhanced Vnx1p/Vcx1p activity is absent. 
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Figure 5.12 Proposed model of mechanistic basis for the role of Rim101p in vacuolar pH 
homeostasis 
The short and long forms of Rim101p are hypothesised to be able to inhibit V-ATPase activity and/or 
promote H+/K+ exchange via Vcx1p/Vnx1p. Therefore, the ablation of Rim101p processing as a result 
of RIM8 deletion has no effect on vacuolar pH. However, deletion of RIM101 results in derepression 
of V-ATPase activity and/or reduced H+/K+ exchange via Vcx1p/Vnx1p resulting in a hyperacidic 
vacuole being exhibited by the rim101 mutant. 
The difference between the vacuolar pH presented by the rim101 mutant and that displayed by the 
rim8 mutant and wild-type strains progressively decreased with increasing extracellular pH (see 
Figure 5.7). Therefore, the role of Rim101p in vacuolar pH homeostasis can be seen to diminish as 
extracellular pH increases. This may be the result of other signalling pathways and regulatory 
mechanisms having a more prominent role at neutral-alkaline extracellular pH. Alternatively, these 
pathways may only be able to significantly compensate for the lack of Rim101p in the rim101 mutant 
at neutral-alkaline extracellular pH values. The cytosolic pH of mutants lacking genes encoding 
components of the cell wall integrity pathway (e.g. SLT2) or calcineurin pathway (e.g. CNB1) could be 
determined over a range of external pH values. Recording the cytosolic pH of double mutants lacking 
genes encoding Rim101 pathway and cell wall integrity or calcineurin pathway constituents would 
highlight the relative importance of these alkaline stress response pathways at different 
environmental pH values. 
At all external pH values, the wild-type strain is observed to alkalinise its vacuole in response to 
glucose, with a greater increase in pH occurring in the first five minute period than in the subsequent 
one (see Figure 5.8-5.10). This result is surprising as it is in stark contrast to the glucose-induced 
vacuolar acidification of glucose-deprived wild-type cells that has been reported (Martinez-Munoz 
and Kane, 2008). In the report by Martinez-Munoz and colleagues, mutants lacking V-ATPase activity 
(e.g. vma2 mutant) rather than wild-type cells displayed a glucose-induced vacuolar alkalinisation. 
Perhaps differences between the two strains (BY4741 and W303-1A) could explain the different 
  
Page 
155 
 
  
changes in vacuolar pH in response to glucose administration. Indeed, a recent report has revealed 
profound differences between these two strains with respect to cell size, cell volume, membrane 
potential and potassium homeostasis (Petrezselyova et al., 2010). The BY4741 strain displayed 
vacuolar alkalinisation in response to 50mM KCl addition in a manner that was independent of V-
ATPase activity (Martinez-Munoz and Kane, 2008). The W303-1A strain used in their study was 
observed to display a modest alkalinisation in response to 50mM KCl addition at external pH 4, but a 
slight vacuolar acidification was surprisingly observed at external pH 6 and no discernible vacuolar 
pH change was seen at extracellular pH 8.  
Glucose-induced vacuolar acidification in BY4741 cells was attributed to direct activation of the V-
ATPase. An increase in cytosolic ATP does not occur sufficiently quickly to stimulate V-ATPase 
reassembly, and thereby promote vacuolar acidification, in the first five minutes following glucose 
addition to glucose-deprived cells (Parra and Kane, 1998). Perhaps the process of resuming glycolysis 
following glucose deprivation takes longer in the W303-1A compared to the BY4741 strain, resulting 
in a slower accumulation of the metabolic intermediates required for V-ATPase activation (see 
Figure 5.12). Alternatively, the V-ATPase of the W303-1A strain may be less responsive to these 
metabolic intermediates than that of the BY4741 strain. In order to investigate these hypotheses, 
the vacuolar pH of both strains could be recorded over a longer period of time following glucose 
addition. The W303-1A strain may be seen to acidify its vacuole after only a transient alkalinisation 
event has occurred.  
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Figure 5.13 Proposed model for differential vacuolar responses to glucose addition in BY4741 and 
W303-1A 
The vacuole in BY4741 has been previously reported to acidify in response to glucose addition 
following starvation. The mechanistic basis for this vacuolar acidification is thought to occur through 
a direct interaction between metabolic intermediates derived from glycolysis and the V-ATPase. 
Glucose-induced alkalinisation of the vacuole was unexpectedly observed in this study. Since the loss 
of V-ATPase activity through deletion of VMA2 or VMA3 results in glucose-induced vacuolar 
alkalinisation in the BY4741 strain, the W303-1A is hypothesised to exhibit a reduced interaction 
between metabolic intermediates and the V-ATPase. This may be a result of less rapid activation of 
glycolysis in the W303-1A strain, resulting in a slower accumulation of metabolic intermediates. 
Alternatively, the W303-1A V-ATPase may be less sensitive to the stimulatory action of metabolic 
intermediates. 
 
The addition of 50mM KCl has been proposed to result in a greater K+ influx into the cytosol via the 
Trk channels, resulting in a vacuolar alkalinisation through H+/K+ exchange by antiporters in the 
vacuolar membrane (see Figure 5.14). This mechanism could be the basis for the cytosolic 
alkalinisation observed in the wild-type strain at external pH 4 in this study. However, the apparent 
modest acidification induced by KCl addition at external pH 6 requires further investigation. 
Similarly, the lack of a vacuolar pH change in response to KCl at extracellular pH 8 needs to be 
explained. One possible explanation for the absence of a vacuolar pH response to KCl application are 
that the vacuole sequesters a greater amount of potassium at pH 8, thereby reducing the 
electrochemical gradient for K+ ions to enter the vacuolar lumen in exchange for H+ ions. 
Alternatively, the cytosolic K+ content may be reduced at pH 8 through enhanced potassium efflux or 
reduced potassium uptake activity at external pH 8. This reduction in cytosolic K+ content would lead 
to a diminished electrochemical gradient for K+ ions across the vacuolar membrane. The level of 
cytosolic potassium could be determined by using potassium-sensitive dyes. Potassium uptake 
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activity could be established by using 86Rb accumulation assays. Potassium efflux could also be 
measured using a potassium sensitive extracellular electrode, following a shift from a high potassium 
to a low potassium environment. 
 
Figure 5.14 Proposed mechanism for K+-induced vacuolar alkalinisation 
Entry of K+ ions from the extracellular environment via the Trk channels in the plasma membrane 
results in greater cytosolic accumulation of K+. K+ ions then enter the vacuole in antiport with H+ ions, 
resulting in vacuolar alkalinisation. 
The rim101 and rim8 mutant strains exhibit alkalinised vacuoles after ten minutes in response to 
glucose addition (see Figure 5.8-5.10 and Table 5.1). Whilst this trend is similar to that seen in the 
wild-type, the magnitude of this change in vacuolar pH is less in the mutants compared to that seen 
in the wild-type, at all external pH values tested. The size of the vacuolar alkalinisation of the rim8 
mutant strain in response to glucose addition progressively approaches that of the wild-type strain 
with increasing extracellular pH. The rim101 mutant exhibits a glucose-induced vacuolar 
alkalinisation that is closer in size to the wild-type strain than is displayed by the rim8 mutant at all 
external pH values tested. The relationship between extracellular pH and the difference between the 
size of the vacuolar alkalinisation of the rim101 mutant and wild-type strains is complex. The rim101 
mutant presents approximately 86%, 62% and 92% of the glucose-induced intravacuolar pH rise seen 
in wild-type cells at extracellular pH 4, 6 and 8. 
The reduced vacuolar alkalinisation that occurs in the response to glucose addition in the rim8 
mutant suggests that the loss of Rim101p processing somehow leads to a diminished glucose-
induced loss of H+ ions from the vacuole. This may result from a higher level of glucose-induced V-
ATPase activity in the rim8 mutant leading to less net H+ loss from the vacuole compared to the wild-
type. Alternatively, there may be a reduced level of H+ ‘leak’ pathway (e.g. Nhx1p, Vnx1p) activity in 
response to glucose as a result of the absence of Rim101p processing. The long form of Rim101p 
may therefore promote glucose-induced activation of the V-ATPase or inhibit the glucose-induced 
egress of H+ ions out of the vacuolar lumen. The effect of addition of concamycin A, a V-ATPase 
  
Page 
158 
 
  
inhibitor, on glucose-induced vacuolar alkalinisation could be assessed in a mutant expressing 
unprocessible Rim101p. Furthermore, deletion of genes that encode vacuolar H+ leak pathways in a 
mutant that expresses unprocessible Rim101p would enable the dependency of unprocessed 
Rim101p-dependent glucose-induced vacuolar pH changes to be investigated.  
The rim101 mutant displays a glucose-induced vacuolar alkalinisation that is greater than that seen 
in rim8 mutant cells but smaller than that presented by wild-type cells (see Table 5.1). This 
observation suggests that the short form of Rim101p acts somehow to enhance glucose-induced 
alkalinisation of the intravacuolar pH. Processed Rim101p may somehow act to repress glucose-
induced stimulation of the V-ATPase or improve the glucose-induced H+ ion efflux from the vacuole 
via ‘leak’ pathways. The effect of glucose addition on vacuolar pH in an nhx1 vcx1 vnx1 mutant 
expressing a constitutively processed form of Rim101p could be compared to that in an nhx1 vcx1 
vnx1 mutant expressing an unprocessible form of Rim101p. If processed Rim101p acts to enhance 
glucose-induced H+ ion efflux from the vacuole via Nhx1p, Vcx1p or Vnx1p then the two mutants 
would be expected to show similar levels of vacuolar alkalinisation in response to glucose addition.  
The processed and unprocessed form appear to have similar roles in vacuolar pH homeostasis with 
respect to the long-term, namely repression of vacuolar acidification. However, with regard to the 
dynamic response to glucose addition following glucose starvation, the short form of Rim101p 
represses vacuolar acidification whereas the long form of Rim101p enhances vacuolar acidification. 
The importance of either form of Rim101p with respect to glucose-induced vacuolar pH changes is 
significantly less at external pH 8 than at pH 4, as shown by broadly similar magnitudes of glucose-
induced vacuolar alkalinisation in all three strains at pH 8. The diminishment of the role of Rim101p 
in vacuolar pH homeostasis is consistent with the observation that ‘steady state’ vacuolar pH values 
presented by the three strains are much more similar at external pH 8 than at pH 4. 
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Figure 5.15 Hypothetical model of antagonistic roles for the long and short forms of Rim101p in 
glucose-induced vacuolar pH changes 
The long form of Rim101p (Rim101p-L) promotes glucose-induced vacuolar acidification. This may 
occur through enhancing the rate of formation of metabolic intermediates following glucose 
application after starvation. Alternatively Rim101p-L may promote a stronger activation of the V-
ATPase by metabolic intermediates. Rim101p-L may inhibit H+/alkali metal cation exchange across 
the vacuolar membrane by repressing Vcx1p/Vnx1p activity in response to glucose addition. The 
short form of Rim101p (Rim101p-S) promotes glucose-induced vacuolar alkalinisation. Rim101p-S 
may inhibit metabolic flux in the glycolytic pathway or the stimulation of the V-ATPase by metabolic 
intermediates. Alternatively, Rim101p-S may enhance Vcx1p/Vnx1p activity, thereby promoting 
H+/alkali metal cation exchange across the vacuolar membrane. 
The rim101 mutant displays virtually no response to K+ addition over the entire external pH range 
tested (see Figure 5.11). The basis for this observation may be a reduced accumulation of 
intracellular potassium in the rim101 mutant. Indeed, the intracellular potassium content of rim101 
mutant cells is shown later in this report to be significantly less than that of wild-type cells. The 
reduced K+ accumulation in the rim101 mutant may result from enhanced K+ efflux or diminished K+ 
uptake in this strain. 
The rim8 mutant exhibits a K+-induced fall in vacuolar pH at extracellular pH 4 and 6 (see Figures 5.8-
5.10). This acidification suggests that K+ induces V-ATPase proton pumping activity in this mutant. A 
reduction in H+ egress from the vacuole via H+/alkali metal cation antiporters is another possible 
mechanistic basis for this phenotype.  The mutant shows no response to K+ application at external 
pH 8. Enhanced vacuolar sequestration and reduced cytosolic accumulation of K+ ions at 
extracellular pH 8 may explain the lack of response induced by K+ application. If improved vacuolar 
sequestration of K+ is present in the rim8 mutant then it may be a result of enhanced Nhx1p, Vnx1p 
or Vcx1p activity. Alternatively, diminished K+ accumulation in the cytosol may be caused by reduced 
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K+ uptake or increased K+ efflux at external pH 8. 
The dynamics of glucose-induced alkalinisation appear to be faster than in the rim101 or rim8 
mutants under acidic conditions (pH 4 and 6). The wild-type displays a vacuolar pH rise in the first 
five minutes following glucose addition that is 71% and 75% of the total recorded vacuolar 
alkalinisation, at external pH 4 and 6, respectively. The rim101 mutant presents an elevation in 
vacuolar pH five minutes post-glucose addition that is 63% and 43% of the total vacuolar 
alkalinisation, at external pH 4 and 6, respectively. The rim8 mutant even exhibits a transient 
vacuolar acidification five minutes after glucose is administered at extracellular pH 4, with the entire 
rise in vacuolar pH occurring in the second five-minute period. At external pH 6, the rim8 mutant 
displays an initial rise of 41% of the total glucose-induced vacuolar alkalinisation in the first five 
minutes. 
In summary, both rim101 and rim8 mutants presented alkalinised cytosols over the entire range of 
extracellular pH values tested. The cytosolic pH of the rim101 mutant was observed to be elevated 
with respect to that of the rim8 mutant. Therefore, both the unprocessed and processed forms of 
Rim101p are implicated in having roles in cytosolic pH homeostasis. The rim101 mutant presented 
an acidified vacuolar pH, but the rim8 mutant was observed to display a vacuolar pH that was 
indistinguishable from that of the wild-type strain. Various subtle differences were observed in the 
dynamics of the response to glucose and potassium addition in the rim mutants compared to the 
wild-type strain. The Rim101 pathway has been strongly implicated to have a role in both cytosolic 
and vacuolar homeostasis. 
The new functional roles for the Rim101 pathway in membrane potential homeostasis (chapter 4) 
and intracellular pH homeostasis (present chapter) strongly implicate a regulatory role for the 
pathway in potassium homeostasis. Furthermore, the results indicating that application of high 
levels of potassium activates the Rim101 pathway (chapter 3) also indicate a putative role in 
potassium homeostasis. In order to investigate whether the pathway plays a part in potassium 
homeostasis, phenotypic screens, liquid growth assays and intracellular ion content analysis were 
carried out. The results of these experiments are presented and discussed in the next chapter. 
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6. K+ homeostasis 
6.1 Overview 
Application of KCl was observed to promote the Rim101p processing through activation of the 
canonical Rim101 pathway, with similar dynamics as those seen in response to alkaline stress (see 
Figures 3.3, 3.9-3.11). Since the Rim101 pathway responds to potassium stress, an investigation was 
conducted to discover whether the pathway has a role in K+ ion homeostasis. 
The investigation consisted of an assessment of the contribution of RIM101 and RIM8 to growth and 
K+ accumulation at a range of extracellular concentrations of KCl. Three strains were used to 
delineate the potential impact of unprocessed and processed Rim101p on potassium homeostasis. 
These three strains were the rim101 mutant (which lacks Rim101p), rim8 mutant (which cannot 
process full-length form Rim101p) and wild-type strain (which is able to process Rim101p). The 
rim101 and rim8 mutant displayed increased tolerance of very low levels of K+. No sensitivity to high 
concentrations of K+ was seen as a result of RIM101 or RIM8 deletion. 
The increased tolerance of rim101 and rim8 mutants to very low concentrations of extracellular K+ 
ions was predicted to be a result of enhanced high-affinity K+ uptake in these mutants. The 
intracellular K+ ion concentrations of wild-type, rim101 and rim8 mutants were assessed over a 
range of extracellular K+ concentrations and pH values. Surprisingly, the rim101 and rim8 mutants 
generally presented a reduced intracellular accumulation of K+ ions compared to wild-type cells.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Page 
162 
 
  
6.2 Materials and methods 
6.2.1 Cell culture 
Yeast cell cultures were grown in 10ml YPD (2% (w/v) glucose, 2% (w/v) bacteriological peptone, 1% 
(w/v) yeast extract) overnight in a shaking incubator (180 rpm), at 30oC. Cell cultures were then 
diluted and grown for each assay as described below. 
6.2.2 Intracellular [K+] assay 
Cell cultures were grown in YPD to an OD600 of 0.2. The cultures were then pelleted (3000g, 1 min), 
washed twice in deionised water. The pellets were resuspended in Translucent Medium adjusted to 
pH4 (50mM monobasic sodium phosphate) or pH6 (50mM dibasic sodium phosphate) and 
containing 0, 50, 100, 250, 500 or 1000mM KCl. The suspensions were subsequently incubated for 30 
min, with shaking at 180rpm, at 30oC. Then 20ml culture was harvested (3000g, 1 min), washed once 
with pre-chilled deionised water and resuspended in 20ml Incubation Buffer (10mM Tris, 10mM 
RbCl,  0.1mM MgCl2, adjusted to pH 4.5 with CH3COOH and Ca(OH)2). Triplicate 5ml samples were 
then rapidly vacuum filtered through nitrocellulose filters (pore diameter 0.8 μm) (Millipore, UK), 
which had been pre-soaked for at least 24h in deionised water. The filters were immediately washed 
following filtration with Wash Solution (20mM MgCl2) and transferred to 5ml Extraction Solution 
(0.2M HCl, 10mM MgCl2). The samples were then agitated briefly. The filters were then completely 
immersed in Extraction Solution and incubated at room temperature for at least 12h. The OD600 
value of each sample was obtained through absorbance spectrophotometry using the remaining 5ml 
of each Incubation Buffer suspension. 
The samples comprising Extraction Solution containing extracts from the nitrocellulose filters were 
diluted 1:4 in Extraction Solution and subsequently 1:125 in deionised water. Negative controls were 
prepared from clean filters washed with Wash Solution and immersed for at least 12h in Extraction 
Solution, as described for the test samples. Cation content of prepared samples was kindly measured 
using ion chromatography (Dionex ICS-1000)by Erin Reardon and Jo Rabineau, Exeter University. 
6.2.3 Phenotypic screen 
Phenotypic screening was conducted using exponential cell cultures that were diluted to a 
concentration of ~1x106 cells/ml. The cell cultures were then serially diluted 5-fold seven times (cell 
concentrations of approximately 2x105, 4x104, 8000, 1600, 320, 64, 13 cells/ml).  3µl of each of the 
cell culture dilutions was transferred by multichannel pipette to solid agar plates containing different 
supplements (see Table 6.1) and adjusted to pH 5.8. The solid media plates were then incubated in a 
static 30oC incubator and colony growth was observed and photographed after 3 days. 
The concentrations of KCl used in this phenotypic screen were 15µM, 1mM, 10mM, 100mM and 1M 
KCl. 
6.2.4 Liquid growth assay 
The liquid growth assay was conducted in a 96-well microtitre plate at 30oC. 100µl cell culture at a 
concentration of ~1x106 cells/ml was used in each well. Absorbance measurements at OD620 were 
obtained using a Multiskan Ascent plate reader (MTX Labs Inc., USA). 
  
Page 
163 
 
  
6.3 Results 
6.3.1 Phenotypic screen of WT, rim101, rim8 at range of extracellular potassium concentrations 
In order to investigate whether the Rim101 pathway has a role in potassium homeostasis, a 
phenotypic screen on solid agar plates containing varying concentrations of KCl was conducted. The 
estimated K+ ion concentration of Translucent K+-free medium containing no supplementary KCl is 
15µM K+ (Navarrete et al., 2010). In minimal medium depleted for K+ (15µm K+) deletion of RIM101 
and RIM8 resulted in a significant growth advantage compared to wild type cells (see Figure 6.1).  At 
all other K+ concentrations tested (1mM, 10mM, 100mM KCl and 1M KCl) there was essentially no 
difference in growth (see Figure 6.1). 
 
 
Overnight cell cultures were diluted to OD600 of 0.1 and then serially diluted five-fold seven times. 3µl 
of diluted cell culture was added to each agar plate, with the colonies from left to right arising from 
the following dilutions:  2x105, 4x104, 8000, 1600, 320, 64, 13 cells/ml.  Results shown are from one 
of three independent experiments. 
 
 
Figure 6.1 Deletion of RIM101 or RIM8 results in enhanced growth at very low extracellular 
concentrations of potassium 
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6.3.2 Liquid growth assays at range of extracellular potassium concentrations 
 
The previous section showed that on solid media, the rim101 mutant has an enhanced capacity for 
growth at limiting concentrations of potassium and no growth defect at high concentrations of 
potassium. In order to establish whether a short-term growth defect at high concentrations of 
potassium exists, liquid growth assays were conducted in YPD supplemented with and without 1M 
KCl. No apparent differences in growth rate were observed by comparing the gradients of the slopes 
displayed in Figure 6.2. 
Liquid growth of wild-type and rim101 mutant
cells in YPD with and without 1M KCl
Time (min)O
D
6
0
0
 A
b
s
o
rb
a
n
c
e
 (
a
rb
it
ra
ry
 u
n
it
s
)
0 60 120 180 240
0.0
0.2
0.4
0.6
0.8
WT YPD
rim101 YPD
WT 1M KCl
rim101 1M KCl
 
Figure 6.2 The rim101 mutant presents comparable liquid growth to the wild-type strain in the 
presence of high extracellular potassium 
Cell cultures were grown overnight and then diluted to OD600 ~0.1. The cell culture absorbance was 
then recorded at 30 minute intervals for the subsequent four hours. A final reading was measured at 
16 hours. Each data point represents the average of ten replicates and whiskers represent the 
standard error of the data. 
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6.3.3 Intracellular K+ ion concentrations of WT, rim101, rim8 at range of extracellular pH values 
and [K+] 
 
The previous section illustrated an enhanced capacity for growth and survival of rim mutants at 
limiting concentrations of potassium. In order to assess whether the basis for this phenotype was an 
improved capacity for potassium uptake as a result of RIM101 or RIM8 deletion, the intracellular 
potassium accumulation of rim101 and rim8 mutants was assessed over a broad range of 
extracellular potassium concentrations and pH values. 
The intracellular potassium accumulation of wild-type, rim101 and rim8 strains was broadly seen to 
rise with increasing extracellular potassium concentration at pH 4 and 6 (Figures 6.3-6.5). However, 
there were some unexpected readings at 1M KCl supplementation, with all three strains exhibiting a 
curious decrease at pH 4 and/or pH 6 in potassium accumulation with respect to that observed at 
500mM KCl accumulation. Interestingly, even though the wild-type exhibited pronounced growth 
inhibition at 15µM KCl (see Figure 6.1), the level of intracellular potassium accumulation at this 
extracellular potassium concentration was observed to be comparable to that seen at 100mM KCl 
supplementation, for which no growth inhibition is apparent (see Figures 6.1, 6.3). 
The rim101 mutant had been expected to exhibit enhanced potassium accumulation compared to 
the wild-type strain, but internal potassium concentrations were actually observed to be generally 
less than those seen in wild-type cells at all external potassium concentrations at pH 4 (3-69% of 
wild-type accumulation) and pH 6 (50-75% of wild-type accumulation) (see Figure 6.3). The rim8 
mutant also displayed a reduced level of internal potassium compared to wild-type at all external 
potassium concentrations at pH 4, but generally to a lesser extent than that observed in rim101 
mutant cells (27-80% of wild-type accumulation). Interestingly, greater internal potassium content 
was observed for rim8 mutant cells at external pH 6 at non-limiting potassium concentrations (128-
429% of wild-type potassium content). 
The rim8 mutant displayed a much greater enrichment of potassium at external pH 4, particularly at 
higher concentrations of external potassium (see Figure 6.3). At external pH 6, the rim8 mutant cells 
presented a significantly elevated level of internal potassium ions compared to rim101 mutant cells 
over the intermediate range of external potassium concentrations tested (100-500mM KCl). 
However, rim8 mutant cells were seen to have a reduced potassium content in “K+-free” media and 
media supplemented with 1M KCl. 
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Figure 6.3 Intracellular K+ ion content of wild-type, rim101 and rim8 strains over a range of 
different extracellular KCl concentrations, at pH 4 and pH 6 
Cell cultures were grown to an OD600 of 0.2 and then pelleted. Cell pellets were resuspended in 
translucent medium supplemented with the desired concentration of KCl and adjusted to pH 4 or 6. 
The cells were harvested after 30 minutes, washed and resuspended in incubation buffer. Cell 
suspensions were then vacuum-filtered and filters were incubated in extraction buffer overnight. A 
500-fold dilution of the sample was then analysed by ion chromatography. Each data point 
represents the reading for a single sample. Three samples were analysed for each strain in each 
condition. 
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6.4 Discussion 
 
The rim101 and rim8 mutants displayed a significantly heightened tolerance of low K+ environments 
(15µM and 1mM KCl) compared to the wild-type (see Figure 6.1). At all other K+ concentrations 
tested (1mM, 10mM, 100mM KCl and 1M KCl) there was essentially no difference in growth (see 
Figures 6.1). The enhanced capability conferred by deletion of RIM101 or RIM8 for growth at 
very low extracellular concentrations of potassium can be interpreted as an improved 
capacity for intracellular potassium accumulation under these conditions. This improvement 
could result from strengthened K+ uptake, diminished K+ efflux or a combination of both 
increased uptake and reduced efflux of K+ ions. These hypotheses could be investigated 
using 86Rb+ uptake assays. An alternative explanation would be that RIM101 or RIM8 
deletion confers a reduced requirement for K+ ions in low K+ environments.  
The enhanced growth of rim8 mutant compared to the wild-type strain at limiting, but not at non-
limiting, levels of extracellular K+ suggests that the processed form of Rim101p acts to reduce K+ 
uptake, increase K+ efflux and/or increase the K+ requirements of the cell at low levels of 
extracellular K+ ions. The slightly enhanced growth exhibited by the rim101 mutant, with respect to 
the rim8 mutant, at 15µM, 1mM, 10mM and 100mM KCl suggests that the unprocessed long-form of 
Rim101p may have a role in potassium homeostasis. If the unprocessed form of Rim101p had no 
activity with regard to K+ influx, efflux or requirement then the rim101 mutant would be expected to 
display virtually identical growth compared to the rim8 mutant. Since the rim101 mutant actually 
presents slightly improved proliferation with respect to the rim8 mutant, the unprocessed form of 
Rim101p may also have some function in regulating K+ ion homeostasis. The potential role of the 
long form of Rim101p in K+ homeostasis could be confirmed through the development of a mutant 
that expresses unprocessible Rim101p. The growth characteristics of this mutant in the presence of 
different extracellular concentrations of potassium could be compared to the wild-type strain. The 
abundance of potassium transporters (e.g. Trk1p) in this mutant could be compared to the wild-type 
through Western blot analysis. 
The wild-type, rim101 and rim8 mutant strains all displayed a general trend of intracellular 
potassium accumulation progressively increasing with extracellular potassium concentration (15µM 
– 0.5M KCl) at external pH 4 and 6 (see Figure 6.3). In environments supplemented with 1M KCl, all 
three strains displayed a dramatically reduced internal potassium content compared to that 
observed at 0.5M KCl at external pH 4 (rim101 mutant), pH 6 (wild-type) or pH 4 and 6 (rim8 
mutant). The dramatically diminished intracellular K+ ion accumulation observed at 1M KCl may be a 
result of heavily reduced K+ uptake or elevated K+ efflux. Alternatively, the intracellular K+ content 
recorded may be artefactual as a result of widespread loss of cell integrity. A loss of integrity would 
be surprising in light of the healthy proliferation of all three strains at 1M KCl observed (see Figure 
6.1). This discrepancy could be accounted for since the samples taken for assessment of K+ 
accumulation were taken only 30 minutes following resuspension in media containing 1M KCl, 
whereas the phenotypic screen shows the long-term survival of the strains over days. Therefore, a 
proportion of the cells may lose integrity within 30 minutes of application of stress and are replaced 
by the progeny of the cells that successfully and rapidly adapt to this condition. However, the 
observation of similar growth rates for the rim101 mutant and wild-type cells in liquid culture 
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following resuspension in unbuffered YPD containing 1M KCl, despite the dramatic fall in internal K+ 
accumulation exhibited by the wild-type at pH 6, suggests that this reduction is not due to a loss of 
cell integrity (see Figure 6.2).   
A reduced intracellular K+ ion content is seen in both the rim101 and rim8 mutant strains, with 
respect to wild-type cells, at low extracellular K+ concentrations (0 and 100mM KCl) (see Figures 6.8-
6.11). The diminished K+ ion accumulation in the cytosol may be a result of enhanced K+ efflux. This 
heightened K+ efflux may be caused by elevated Nha1p activity in response to the alkaline cytosol 
that is present in rim101 and rim8 mutants (see Figure 5.2). Nha1p has been previously shown to 
mediate K+ ion efflux in response to cytosolic alkalinisation (Banuelos et al., 1998). Moreover, the 
overexpression of NHA1 was seen to result in enhanced growth in low K+ environments (Banuelos et 
al., 2002). Strains overexpressing NHA1 also displayed a reduced intracellular K+ content in an 
extracellular environment supplemented with 10mM KCl (Banuelos et al., 2002). Furthermore, the 
nha1 mutant displayed impaired growth concomitant with increased intracellular potassium 
accumulation under these conditions (Banuelos et al., 2002). The enhanced growth under low 
potassium conditions has been shown to be Trk1p-dependent (Banuelos et al., 2002). NHA1 
overexpression has been observed to result in a membrane hyperpolarisation, presumably as a 
consequence of enhanced K+ ion efflux (Kinclova-Zimmermannova and Sychrova, 2006). The 
hyperpolarised membrane potential values displayed by rim101 and rim8 mutants may also partially 
result from elevated Nha1p activity. Therefore, the altered potassium homeostasis in rim101 and 
rim8 mutants may be partly explained by heightened Nha1p activity. 
The mechanism by which Nha1p activity may be raised in rim101 and rim8 mutants may be via 
transcriptional regulation; however the primary form of Nha1p regulation occurs post-
transcriptionally (Arino et al., 2010). One possible mechanism is implied by the presence of potential 
Nrg1p binding sites within the promoter sequences of SAP155 and SAP185, which encode negative 
and positive modulators of Nha1p activity, respectively (Manlandro et al., 2005). Sap155p and 
Sap185p have been shown to regulate K+ efflux in a manner that is dependent on Sit4p, a Ser/Thr 
phosphatase (Luke et al., 1996;Manlandro et al., 2005). Therefore, relief of inhibition of NRG1 
expression in rim101 and rim8 mutants may lead to greater transcriptional repression of SAP155 
and/or SAP185 expression. The Sap155p-Sap185p balance that occurs as a result of this Nrg1p 
activity may lead to enhanced Sit4p activity, resulting in elevated Nha1p activity. 
Enhanced Tok1p activity is another possible basis for the greater levels of proliferation of rim101 and 
rim8 mutants at low concentrations of extracellular potassium. Indeed, overexpression of TOK1 in 
the trk1 trk2 mutant has been observed to result in enhanced growth at 5mM KCl (Fairman et al., 
1999). The promotion of growth by TOK1 overexpression is thought to result from the Tok1p being 
able to mediate K+ influx under these conditions. An inward current through Tok1p has been 
unmasked through the depletion of extracellular divalent cations (Ketchum et al., 1995). However, 
TOK1 overexpression in the trk1 trk2 mutant has been shown to result in elevated intracellular levels 
of K+ ions in environments containing 5mM and 0.5mM KCl (Fairman et al., 1999). This potassium 
enrichment is in stark contrast to the observed diminishment of intracellular K+ content in the 
rim101 and rim8 mutants. However, increased TOK1 activity may still be the basis for diminished 
potassium accumulation in the rim101 and rim8 mutant, since the previously reported inward 
current through Tok1p was only observed following TRK1 and TRK2 deletion. Tok1p is the only 
transporter dedicated to K+ ion efflux and so is a reasonable candidate for mediating the reduced 
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intracellular potassium levels observed in the rim101 and rim8 mutant. A potential mechanism by 
which Tok1p activity could be raised in the rim101 and rim8 mutants is through promotion of 
phosphorylation of the same site in the Tok1p hydrophilic C-terminal domain that is phosphorylated 
by Hog1p in response to hyperosmotic stress (Proft and Struhl, 2004). In order to test this 
hypothesis, the residues which are phosphorylated by Hog1p in the C-terminal domain of Tok1p 
could be mutated to alanine residues by site-directed mutagenesis in the wild-type, rim101 and rim8 
strains. If the reduced internal K+ ion accumulation observed in the rim101 and rim8 mutants is 
dependent on stimulatory phosphorylation of these sites then the site-directed mutagenesis would 
result in a greater internal K+ ion content being observed in these mutants. 
Trk channel dysregulation in the rim101 and rim8 mutants may be responsible for the increased 
capacity for growth at low K+ concentrations displayed in these mutants. The ability to survive and 
proliferate at 15µM KCl implies an enhanced rate of high-affinity K+ ion uptake under these 
conditions. Trk1p is thought to exhibit high-affinity K+ transport activity under conditions of K+ ion 
starvation (Arino et al., 2010). Trk2p has been postulated to conduct moderate or high affinity K+ 
transporter (Ramos et al., 1994). Whilst Trk1p is more highly expressed than Trk2p,  trk1 trk2 
mutants have been reported to require 10-fold higher K+ ion concentrations in order to proliferate 
normally, in comparison with trk1 mutants, as a consequence of defective K+ ion uptake (Ko et al., 
1990). Therefore any potential dysregulation of Trk channel activity resulting in rim101 and rim8 
mutants having a heightened tolerance of low K+ environments could involve Trk1p and/or Trk2p. 
Deleting TRK1 and TRK2 in the rim101 and rim8 mutants would enable this hypothesis to be tested. 
If enhanced proliferation of the rim mutants at low extracellular potassium concentrations is 
Trk1/2p-dependent then these deletions would be expected to suppress this phenotype. 
The mechanism by which Trk channel activity may be dysregulated in rim101 and rim8 mutants is 
likely to be post-transcriptional, since the level of TRK1 expression is found to be unchanged in 
response to cation stress (Gasch et al., 2000;Arino et al., 2010). These mutants may exhibit higher 
levels of HAL3 expression or Hal3p kinase activity resulting in increased inhibition of the Ppz1p 
phosphatase, thereby derepressing Trk channel activity (de Nadal et al., 1998;Ferrando et al., 
1995;Posas et al., 1995;Yenush et al., 2002). Alternatively, downregulation of Sky1p activity may be 
responsible for derepressing Trk channel activity in rim mutants, through relief of Sky1p-mediated 
direct inhibition of Trk channels or Sky1p-mediated indirect inhibition of Trk channels via 
phosphorylation, and so activation, of the Ppz1/2p phosphatases (Erez and Kahana, 2001;Forment et 
al., 2002). Enhanced Hal4/5p kinase activity could also play a role in increasing Trk channel activity, 
through stabilising the Trk channels in the plasma membrane (Mulet et al., 1999;Perez-Valle et al., 
2007). Other possible mechanisms for increased Trk channel activity in rim101 and rim8 mutants 
include enhanced activity of increased activity of Arl1p, a Ras-family GTPase, or elevated activity of 
enzymes associated with both carbohydrate metabolism and activating Trk channels, including Snf1p 
and Tps1p (Munson et al., 2004;Mulet et al., 2004;Portillo et al., 2005). Finally, there may be a 
heightened level of signalling in the calcineurin pathway in rim mutants, resulting in increased high 
affinity K+ uptake via Trk1p (Casado et al., 2010;Mendoza et al., 1994). 
Repression of Trk channel activity may be the basis for the reduced intracellular K+ accumulation 
observed in rim101 and rim8 mutants. If the reduced K+ content of these mutants is a result of 
diminished Trk channel activity, a potential mechanism is suggested by the alkalinised cytosol 
present in these mutants. The Ppz1p-Hal3p interaction has been shown to be pH-dependent, so the 
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alkalinised cytosol of the rim mutants may inhibit the interaction from occurring, thereby relieving 
Hal3p-mediated inhibition of Ppz1p and so promoting Ppz1p-mediated inhibition of Trk1/2p (Yenush 
et al., 2005). Alternatively, reduced Trk activity may result from reduced Hal3p, Hal4/5p, Arl1p, 
Snf1p, Tps1p and/or calcineurin activity. The basis for the downregulation of Trk activity may also be 
found in increased Ppz1/2p or Sky1p activity in rim mutants. 
Clearly, Trk channel activity cannot be both raised and diminished within rim mutants. If Trk channel 
activity is elevated, thereby permitting growth at 15µM KCl, then the reduced intracellular 
accumulation of K+ ions observed in these mutants would need to be explained. Conversely, if Trk 
channel activity is diminished in rim mutants, thereby reducing the internal K+ ion content of these 
mutants, the ability to grow at very low potassium concentrations would need to be accounted for. 
Trk channel activity would be expected to positively correlate with K+ accumulation. Therefore, if 
dysfunctional Trk channels play a role in the aberrant potassium homeostasis seen in rim mutants, it 
is likely that a reduction rather than an elevation in Trk activity contributes to the phenotypes seen 
in rim101 and rim8 mutants. The ability to grow in very low K+ environments would therefore be a 
result of other mechanisms (e.g. increased Nha1p activity). 
Nhx1p, an endosomal H+/alkali metal cation antiporter, may be involved in the mechanistic basis for 
the dysfunctional potassium homeostasis presented by rim mutants. Nhx1p has a prominent role in 
sequestration of alkali metal cations, as revealed by the observations that nhx1 mutants are 
sensitive to high extracellular K+ and display enhanced 86Rb+ efflux and diminished 86Rb+ uptake 
following plasma membrane permeabilisation by application of CuSO4 (Brett et al., 2005b). 
Reduction of Nhx1p-mediated sequestration of K+ ions may lead to a lower level of total intracellular 
K+ content in rim mutants. Diminished Nhx1p activity may also partly account for the acidified 
vacuole that is observed in the rim101 mutant, since at acidic pH the nhx1 mutant was observed to 
display a hyperacidic vacuole that was 0.8-1 pH units more acidic than wild-type vacuoles (Brett et 
al., 2005b). If dysregulation of Nhx1p is present in rim mutants, it may occur through aberrant 
modulation of the activity of a Rab-GTPase, Gyp6p. GYP6 deletion has been shown to derepress 
Nhx1p activity, resulting in a depolarised membrane potential and hyperbasic vacuolar pH (Ali et al., 
2004). Therefore, elevated GYP6 expression or Gyp6p activity in rim mutants could lead to stronger 
inhibition of Nhx1p, resulting in less K+ sequestration. 
Reduced vacuolar sequestration of K+ ions may also occur as a result of diminished activity of the 
H+/alkali metal cation antiporters Vnx1p or Vcx1p, which have both been observed to mediate H+/K+ 
exchange across the vacuolar membrane (Cagnac et al., 2010;Cagnac et al., 2007). Since the rim101 
mutant exhibits a hyperacidic vacuole, any vacuolar H+/K+ exchangers would be expected to be 
operating at a high rate of activity, as a result of the strong H+ electrochemical gradient across the 
vacuolar membrane. Indeed, Vnx1p activity has been found to be dependent on V-ATPase H+ 
pumping into the vacuolar lumen (Cagnac et al., 2007). Therefore, if Vcx1p and/or Vnx1p activity is 
reduced in the rim101 mutant, regulation at the transcriptional or post-translational level would be 
the basis for repressing the inherently elevated activity of these transporters in hyperacidic vacuoles. 
Putative Nrg1p-binding sequences are present in the promoter regions of both VCX1 and VNX1, 
implicating a potential mechanism for downregulated expression in rim mutants via derepression of 
NRG1 expression. 
The aberrant potassium homeostasis displayed by rim101 and rim8 mutants is unlikely to involve 
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Kha1p, the H+/alkali metal cation antiporter of the Golgi apparatus. KHA1 deletion has no apparent 
effect on intracellular K+ accumulation or the rate of K+ efflux (Maresova and Sychrova, 2005). 
Mdm38p is an integral membrane protein of the mitochondrial inner membrane required for 
mitochondrial H+/K+ exchange (Nowikovsky et al., 2004). Mdm38p is unlikely to have a role in the 
development of the potassium phenotypes presented by rim mutants as there are no reports of this 
putative H+/alkali metal cation antiporter cofactor influencing intracellular potassium homeostasis 
(Zotova et al., 2010). 
The rim8 mutant is observed to accumulate more intracellular potassium than the rim101 mutant at 
external pH 4 over the entire range of extracellular potassium concentrations tested (see Figure 6.8). 
At external pH 6, there is a more complex relationship between the internal K+ content of the rim101 
mutant and that of the rim8 mutant (see Figure 6.9). The rim101 mutant appears to contain more K+ 
than the rim8 mutant at low and high concentrations of extracellular K+ ions (0, 100 and 1000mM 
KCl). However, the rim8 shows a higher level of intracellular K+ ions at intermediate concentrations 
of extracellular K+ (250 and 500mM KCl). The fact that the rim101 mutant (which lacks all forms of 
Rim101p) does not phenocopy the rim8 mutant (which is unable to process full-length form 
Rim101p) suggests that the unprocessed form of Rim101p has a role in modulating K+ uptake and/or 
efflux. A potential role for full-length form Rim101p in K+ ion homeostasis was highlighted above, 
since the two mutants show distinct levels of tolerance to different extracellular K+ concentrations. 
In summary, the rim101 and rim8 mutant strains were found to have an enhanced capacity for 
growth and survival at very low potassium concentrations. No growth defect was apparent in these 
mutants at high concentrations of extracellular potassium ions. Assessment of the intracellular 
potassium content of the mutants unexpectedly revealed a general trend of reduced potassium 
accumulation compared to the wild-type strain over a broad range of extracellular potassium 
concentrations. The rim8 mutant appears to have a less profoundly diminished capacity for 
potassium accumulation compared to the rim101 mutant. These results suggest that the Rim101 
pathway has a significant role in potassium homeostasis and that rim mutants may possess a 
reduced demand for potassium ions. 
 
 
 
 
 
 
 
 
  
Page 
172 
 
  
7. Summary and conclusions 
 
7.1 Summary 
 
The processing of Rim101p was previously shown to be activated by a diverse range of stress 
conditions including alkaline extracellular pH, weak acid stress, disruption of lipid asymmetry 
homeostasis, polyunsaturated fatty acids produced by heterologous fatty acid desaturases (Li and 
Mitchell, 1997; Mira et al., 2009; Ikeda et al., 2007; Yazawa et al., 2009). The present work has found 
that high levels of extracellular potassium promote processing of Rim101p. This discovery is 
consistent with, and strengthens, the theory that the processing of Rim101p is stimulated by 
membrane potential changes.  
The Rim101 pathway has been associated with several aspects of yeast physiology including ion 
homeostasis, response to anaerobic stress, meiosis, sporulation and virulence (Lamb et al., 2001; 
Snoek et al., 2010; Su and Mitchell, 1993; Davis et al., 2010). The results from the present study have 
implicated the pathway in having a role in membrane potential homeostasis, cytosolic and vacuolar 
pH homeostasis and potassium ion homeostasis. Therefore, the Rim101 pathway can be seen to 
have a broader role in yeast physiology than previously known. Furthermore, these physiological 
processes were not previously known to involve this pathway.  
The full-length form of Rim101p was previously thought to be inactive. However, this work has 
found statistically significant differences in the phenotypes presented by the rim101 and rim8 
mutants with respect to membrane potential and intracellular pH homeostasis. Since deletion of 
RIM8 prevents processing of Rim101p, this suggests that the full-length form of Rim101p has an 
unexpected functional role in yeast physiology. 
Manipulation of vacuolar pH has been suggested to have industrial applications with regard to the 
bioproduction of proteins or biofuels (Brett et al., 2011). The hyperacidic vacuole presented by the 
rim101 mutant may be able to be exploited in such industrial processes. Further investigation of the 
mechanistic basis for this aberrant compartmental pH homeostasis may contribute to the 
understanding of lysosomal storage disorders (e.g. Niemann-Pick disease) or Dent’s disease, which 
have been associated with pH dysregulation of cellular compartments (endosomes and lysosomes), 
eventually leading to the identification of drug targets for the amelioration of these diseases (Brett 
et al., 2011). 
With regard to the treatment of fungal diseases, deletion of RIM101 homologues in fungal 
pathogens have been previously shown to result in hypovirulence (e.g. Davis et al., 2010). This work 
has identified several possible mechanisms for this hypovirulence. The disruption of intracellular pH 
or membrane potential homeostasis may be the cause of rim101 mutants being unable to prosper in 
the host environment. Further work into the precise basis for the aberrant cyotosolic pH, vacuolar 
pH and membrane potential phenotypes presented by rim101 mutants may result in the 
identification of potential antifungal drug targets.  
The results in this work suggest that rim101 and rim8 mutants may have a lower requirement for 
potassium in the extracellular environment, since these mutants displayed enhanced growth 
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compared to the wild-type strain under conditions of very low potassium (~15µM K+). These strains 
may be of use to industry (e.g. brewing), in instances where the supplementation of extracellular 
medium with potassium is undesirable or costly. Furthermore, since potassium is thought to be 
indispensable for several physiological processes, including protein synthesis, investigation of the 
apparent reduced potassium requirement in Rim101 pathway mutants, may illuminate the basis for 
the precise nature of the cellular requirement for potassium. 
Membrane potential status has been previously implicated in having a profound role in several 
aspects of membrane composition and structure, including the regulation of lipid raft formation, 
segregation of proteins in lipid rafts and detergent sensitivity (Grossmann et al., 2007; Malinska et 
al., 2003; Schaffer and Thiele, 2004). This work discovered that the rim101 mutant presents a 
hyperpolarised membrane potential. This strain may now be utilised as a research tool to investigate 
the relationship between membrane potential status and membrane composition and structure.   
The membrane potential status of platelets has previously been proposed to regulate the response 
of platelets to aggregating agents, with membrane depolarisation resulting in an increased 
sensitivity to such agents (Friedhoff and Sonenberg, 1983). The insights which may be gained 
through investigating the plasma membrane composition and structure of the rim101 mutant may 
be informative with regard to the properties displayed by platelets, and so identify new ways of 
promoting or inhibiting clotting. 
The current study has identified the dynamics of Rim101 processing, induced by alkaline stress or 
high levels of extracellular potassium. These results can be used in future experimental design. A 
reasonable time-frame for application of a stress to determine whether the pathway is activated by 
a certain stress has been determined. Furthermore, these results suggest time-points for harvesting 
proteins or RNA to assess their abundance following application of a stress condition, in order to 
compare with their abundance in a Rim101 pathway mutant. 
Intracellular pH has been shown to influence protein-lipid associations, such as the binding of the 
Opi1p transcription factor to phosphatidic acid (Young et al., 2010). The discovery of an alkalinised 
cytosolic pH in the rim101 mutant may enable the use of this mutant as a research tool to 
investigate protein-lipid interactions. Thus, the association of certain proteins with lipids could be 
assessed in this mutant and compared to the interaction levels of these proteins with lipids in the 
wild-type strain or other mutants with distinct cytosolic pH values. 
Intracellular pH has been shown to profoundly influence protein folding and enzyme kinetics 
(Alberty, 2007; Whitten et al., 2001). The bioproduction of proteins that optimally fold at near-
neutral pH  conditions could be conducted in rim101 mutants. Furthermore, bioproducts that 
require the activity of enzymes that are more efficient at near-neutral pH conditions may be 
produced in rim101 mutants. Thus, these strains may facilitate the use of S. cerevisiae as a 
heterologous expression system in new industrial applications. 
To conclude, this work has discovered new features of the Rim101 pathway such as dynamics, 
activating conditions and novel phenotypes associated with Rim101 pathway mutants. These 
discoveries can be utilised in a variety of ways, including the development of research tools, 
industrial applications and drug discovery. 
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7.2 Future work 
 
This study investigated the possibility of Rim101 processing being activated by sodium, sorbitol, 
potassium and zinc stresses. Since rim mutants are hypersensitive to cold temperatures (17oC), there 
is a possibility that the Rim101 pathway is activated in response to low temperatures (Li and 
Mitchell, 1997). This cold-induced activation could be investigated using a similar Western-based 
Rim101p processing as was used in this study. Since iron and copper availability is thought to be a 
major limiting factor on yeast growth at alkaline pH, the possibility that depletion of these metal 
cations (perhaps through the application of chelators) activates Rim101p processing should be 
investigated. 
The increased accumulation of diS-C3(3) dye exhibited by rim101 and rim8 mutants (see Figures 4.2-
4.5) is likely to be attributable to a hyperpolarised membrane potential. The possibility that the 
increase in dye accumulation is merely a result of a reduction in dye efflux pump activity could be 
investigated through a halo assay which assesses the capability of a strain to export toxic substrates 
of the same pumps responsible for diS-C3(3) efflux (primarily Pdr5p, Snq2p), such as nigericin 
(Gaskova et al., 2002). Alternatively, PDR5 and SNQ2 could be deleted from the strains studied in 
this work, thereby eliminating any effect of efflux pump activity on diS-C3(3) accumulation.  
In order to investigate which transporters are involved in the development of membrane 
hyperpolarisation phenotype in rim mutants, various genes encoding ion transporters could be 
deleted in these mutants. For example, the trk1 trk2 mutant has been reported to exhibit a 
hyperpolarised membrane potential and it would be worthwhile exploring whether the deletion of 
TRK1 TRK2 exacerbates the membrane hyperpolarisation phenotype of different rim mutants 
(Navarrete et al., 2010). The membrane hyperpolarisation displayed by the trk1 trk2 rim101 mutant 
would be predicted to be of a greater magnitude than that exhibited by either the trk1 trk2 or 
rim101 mutants. This result would be predicted as the membrane hyperpolarisation phenotype 
exhibited by the rim101 mutant is likely to be partially, but not totally, dependent on Trk channel 
activity. 
An increased rate of diS-C3(3) accumulation was consistently observed in the rim8 mutant compared 
to wild-type or rim101 mutant cells, as indicated by the equilibrium lambda max being reached more 
rapidly in this strain (see Figures 4.2, 4.4). A greater speed of dye accumulation may indicate an 
aberrant cell wall structure in the rim8 mutant. In order to test whether the cell wall is thinner in the 
rim8 mutant, the wild-type, rim101 and rim8 strains could be analysed using transmission electron 
microscopy. A similar approach was used to investigate the altered cell wall structure in media 
containing 0.2% glucose compared to 2% glucose, implied by a faster rate of diS-C3(3) staining in the 
low glucose condition (Gaskova et al., 1998). 
The deletion of RIM8 results in the loss of Rim101p-processing capability (see Figures 3.2, 3.11). 
However, it is possible that the arrestin-like protein Rim8p has functional roles beyond signal 
transduction in the Rim101 pathway. Therefore, in order to confirm that the phenotypes observed 
for the rim8 mutant are attributable to the loss of Rim101 pathway signalling, rather than resultant 
from the loss of another activity of Rim8p, it would be worthwhile to develop an unprocessible form 
of Rim101p. A mutation could be introduced in the YPXL/I motifs in the C-terminal of Rim101p, 
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resulting in the ablation of recruitment of the transcription factor to the cleavage complex at the 
endosomal membrane (see Figure 1.1). Alternatively, other Rim101 pathway mutants (e.g. rim13 
mutant) could be assessed with the assays described in this study in order to test whether the 
deletion of genes encoding other components of the Rim101 signalling pathway results in similar 
phenotypic behaviour to the rim8 mutant. The membrane potential, cytosolic and vacuolar pH and 
potassium accumulation characteristics of a strain that expresses constitutively processed Rim101p 
would also be worth carrying out in order to confirm the role of processed Rim101p in the aspects of 
yeast physiology described in this study. 
The pH buffering capacity of the rim101 and rim8 mutant strains could be compared to that of the 
wild-type by recording the initial cytosolic pH change in response to ammonium chloride addition to 
pHluorin-transformed cells (Maresova et al., 2010). This experiment would help characterise further 
the aberrant intracellular pH homeostasis in rim101 and rim8 mutants. Whilst the cytosolic pH of 
these mutants was observed to be increased by approximately the same amount as wild-type cells 
(0.32-0.40 pH units) at external pH 8 compared with external pH 6 (see Figure 5.2c), the rate of 
cytosolic alkalinisation in the mutants may be faster than in the wild-type. Therefore, the dynamics 
of cytosolic pH changes in response to alkaline shift should be characterised by monitoring the 
fluorescence of pHluorin-transformed cells at five minute intervals following alkaline shift. 
There was considerable variability within the potassium ion content assays described in this study. 
Only three replicates for each strain per condition was feasible given time constraints, however it 
would be beneficial to repeat the experiment with more replicates. The dynamics of changes in 
intracellular K+ content should also be monitored in the wild-type and rim strains. For example, the 
rate of K+ accumulation that occurs in response to a shift from 15µM KCl to 0.5M KCl could be 
characterised through the collection of samples at 30 minute intervals following the shift. The 
dynamic changes in internal K+ content resultant from a shift from K+-rich to K+-depleted media could 
also be delineated.  
Since a great deal of variability was apparent in the results obtained via the method used in this 
study for assessing intracellular potassium content, the experiments could be repeated using an 
alternative methodology. One alternative could be the use of potassium-sensitive dyes in 
conjunction with a fluorescent microplate reader.  
The rate of K+ influx could also be characterised in the wild-type and rim strains through monitoring 
the uptake of the radioisotope 86Rb. These data would be particularly useful with regard to 
explaining the enhanced capacity for growth of the rim mutants at very low concentrations of 
extracellular potassium. The rate of K+ efflux upon potassium depletion could also be explored 
through the use of an extracellular potassium-selective electrode.  
This report has identified a novel inducer of Rim101 pathway signalling, KCl stress. The RIM101-
dependent transcriptional changes resultant from the application of KCl stress would be worthwhile 
characterising and comparing with those identified in the alkaline stress response. An assessment of 
the transcriptional changes in wild-type, rim101 and rim8 strains in response to 1M KCl could be 
conducted by RNA-seq or microarray techniques. Following the identification of a connection 
between the weak acid stress response and the Rim101 pathway, a similar approach was adopted 
and resulted in the identification of novel Rim101p targets including KNH1, which encodes a protein 
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involved in cell wall β-1,6-glucan synthesis (Mira et al., 2009). A deeper understanding of the 
connection between Rim101 pathway signalling and K+ homeostasis could be attained through 
assessing the level of Rim101p processing in different potassium transporter mutants (e.g. trk1 trk2 
mutant) via a Western-based assay.  
Finally, this study characterised the dynamics of Rim101p processing in response to alkaline and 
potassium stress; the dynamics of RIM8 expression in response to these stresses could be delineated 
through quantitative PCR. The information garnered from these experiments may help illuminate 
the function of the negative feedback loop in the Rim101 pathway (in which processed Rim101p 
represses the expression of RIM8. The effect of overexpression of RIM8 on Rim101p could also be 
studied in order to further understand the structure of the pathway. The influence of different levels 
of abundance of the scaffold protein Rim20p on signalling within the pathway could also be 
investigated by constitutively expressing RIM20 under the control of promoters of varying strength. 
This would illuminate whether the level of Rim20p is sub-optimal so that transcriptional control of 
RIM20 expression could fine-tune signalling in the pathway, in an analogous manner to that 
reported for the Ste5p scaffold protein of the pheromone pathway (Chapman and Asthagiri, 2009). 
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